Development and characterisation of neuronal biohybrid systems by Göbbels, Katrin
Development and characterisation of
neuronal biohybrid systems
—–
Katrin Go¨bbels
Development and characterisation of
neuronal biohybrid systems
Von der Fakulta¨t fu¨r Mathematik, Informatik und Naturwissenschaften der
Rheinisch-Westfa¨lischen Technischen Hochschule Aachen zur Erlangung
des akademischen Grades einer Doktorin der Naturwissenschaften
genehmigte Dissertation
vorgelegt von
Diplom-Biologin
Katrin Go¨bbels
aus Aachen
Berichter:
Universita¨tsprofessor Dr. P. Bra¨unig
Universita¨tsprofessor Dr. W. Baumgartner
Tag der mu¨ndlichen Pru¨fung:
26. November 2010
Diese Dissertation ist auf den Internetseiten der Hochschulbibliothek
online verfu¨gbar.
CONTENTS
Contents
1 Introduction 1
2 Aim of the project 5
3 Neuronal cell growth on iridium oxide 9
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3.2 Materials and Methods . . . . . . . . . . . . . . . . . . . . 11
3.2.1 Substrate . . . . . . . . . . . . . . . . . . . . . . . 11
3.2.2 Contact angle measurements . . . . . . . . . . . . 12
3.2.3 Marker enzyme assay . . . . . . . . . . . . . . . . 12
3.2.4 Animals . . . . . . . . . . . . . . . . . . . . . . . . 13
3.2.5 Cell culture . . . . . . . . . . . . . . . . . . . . . . 14
3.2.6 Analyses and Immunocytochemistry . . . . . . . . 15
3.2.7 Electrophysiology . . . . . . . . . . . . . . . . . . . 16
3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.3.1 Substrate . . . . . . . . . . . . . . . . . . . . . . . 16
3.3.2 Contact angle measurements . . . . . . . . . . . . 19
3.3.3 Marker enzyme assay . . . . . . . . . . . . . . . . 21
3.3.4 Cell culture on iridium oxide - quantitative analysis 23
3.3.5 Cell culture - qualitative observations . . . . . . . 27
3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.4.1 Characterisation of iridium oxide . . . . . . . . . . 31
3.4.2 Neurocompatibility of iridium oxide . . . . . . . . 34
3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4 Surface modification and guiding of neuronal growth 39
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.2 Material and Methods . . . . . . . . . . . . . . . . . . . . 41
4.2.1 Agarose gel layers . . . . . . . . . . . . . . . . . . 41
4.2.2 Micro-contact printing . . . . . . . . . . . . . . . . 43
4.2.3 Animals . . . . . . . . . . . . . . . . . . . . . . . . 43
4.2.4 Cell culture . . . . . . . . . . . . . . . . . . . . . . 43
4.2.5 Immunocytochemical staining . . . . . . . . . . . . 44
4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
i
CONTENTS
4.3.1 Non-adhesive coating with agarose gel . . . . . . . 44
4.3.2 Adhesive coating with anti-HRP . . . . . . . . . . 47
4.3.3 Immunocytochemical staining . . . . . . . . . . . . 48
4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
5 Low density cell culture of locust neurons in closed-channel
microfluidic devices 57
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 57
5.2 Material and Methods . . . . . . . . . . . . . . . . . . . . 60
5.2.1 Microfluidic devices . . . . . . . . . . . . . . . . . 60
5.2.2 Surface modification . . . . . . . . . . . . . . . . . 61
5.2.3 Animals . . . . . . . . . . . . . . . . . . . . . . . . 63
5.2.4 Cell culture . . . . . . . . . . . . . . . . . . . . . . 63
5.2.5 Filling technique . . . . . . . . . . . . . . . . . . . 64
5.2.6 Immunocytochemical staining . . . . . . . . . . . . 64
5.2.7 Biocompatibility . . . . . . . . . . . . . . . . . . . 64
5.2.8 Cleaning and re-usage of microfluidic devices . . . 65
5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
5.3.1 Biocompatibility . . . . . . . . . . . . . . . . . . . 65
5.3.2 Microfluidic devices . . . . . . . . . . . . . . . . . 67
5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
5.4.1 Biocompatibility . . . . . . . . . . . . . . . . . . . 69
5.4.2 Growth in microfluidic devices . . . . . . . . . . . 70
6 Locust neurons coupled to iridium oxide electrodes 75
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 75
6.2 Material and Methods . . . . . . . . . . . . . . . . . . . . 77
6.2.1 Electrode design . . . . . . . . . . . . . . . . . . . 77
6.2.2 SIROF-MEAs . . . . . . . . . . . . . . . . . . . . . 77
6.2.3 Chip cleaning . . . . . . . . . . . . . . . . . . . . . 80
6.2.4 Surface modification . . . . . . . . . . . . . . . . . 81
6.2.5 Animals . . . . . . . . . . . . . . . . . . . . . . . . 81
6.2.6 Cell culture . . . . . . . . . . . . . . . . . . . . . . 81
6.2.7 Electrophysiological measurements . . . . . . . . . 81
6.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
6.3.1 Electrode design . . . . . . . . . . . . . . . . . . . 83
ii
CONTENTS
6.3.2 Electrophysiological measurements . . . . . . . . . 84
6.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
6.4.1 Electrode design . . . . . . . . . . . . . . . . . . . 89
6.4.2 Electrophysiological measurements . . . . . . . . . 91
7 General Discussion 97
8 Summary 107
References 111
Danksagung 136
Lebenslauf 139
iii

1 Introduction
The investigation and use of biohybrid systems are subject of major in-
terest in different areas of application and provide new opportunities in
many fields. Biohybrid systems consist of a multielectrode array (MEA)
on the one hand and living cells on the other hand. In pharmacology
and toxicology, for example, biohybrid systems are used as biosensors
and screening tools (Gross et al., 1995, 1997; van Vliet et al., 2007).
They play a role in the field of neuroprosthetics (e.g. retina implants)
(Mokwa, 2007; Mokwa et al., 2008; Zrenner et al., 2010). However, pri-
marily biohybrid systems are used in basic investigations of neuronal dy-
namics and plasticity (Wagenaar et al., 2005; Fuchs et al., 2007; Minerbi
et al., 2009). Due to technical progress the interest in the development
of novel biohybrid systems continiously increased in recent years.
The major strength of MEAs, when compared to intracellular stimu-
lations or recordings, include stimulation or measuring transmembrane
activity extracellularly, i.e. non-invasive, by means of external micro-
electrodes, and the ability to do multi-site recordings simultaneously.
The non-invasive nature of the extracellular recordings offers the ability
for long-term measurements.
In a biohybrid system the dissociated cells or brain slices are cultured
directly on top of the MEA surface. When an action potential occurs in
a neuron, ions flow across the cell membrane within milliseconds. When
the cell is close enough to an electrode in the array, the electric field or
voltage generated by the moving ions can be detected by the transducer.
In the field of planar electrode systems two different concepts take hold,
which, in principle, provide both the opportunity for long-term observa-
tion of neuronal cells. The electrodes are either metallic electrodes (Ma-
her et al., 1999b; Heuschkel et al., 2002; Jimbo et al., 2003; Eick et al.,
2009) or field-effect transistors (FETs) (Jenkner et al., 2001; Voelker
and Fromherz, 2005) on glass or silicon chips. Commercialized MEAs
are mostly composed of one type of electrodes. These electrodes can be
used for stimulation of as well as for recording from cells cultivated on
the MEA. The type and the material of the electrodes, as well as their
inter-electrode distance and their arrangement on the surface can vary
dependent on the experimental requirements. Because of large stimula-
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tion artefacts, it is, in the majority of cases, not possible to use stimu-
lation electrodes simultaneously for recording measurements (Heuschkel
et al., 2002).
In this project we are working on the development of a new microstruc-
ture which allows for cultivation, stimulation, and recording of neurons.
A combination of stimulation and recording electrodes should be inte-
grated on one silicon chip. Each stimulation unit is arranged with a
recording electrode in a one-to-one ratio which allows for simultane-
ous, non-invasive stimulation of and recording from a individual neuron
within a neuronal network. The stimulation is done by use of iridium
oxide electrodes while the recording process should be done with FETs.
So far, mainly stimulation electrodes made of platinum, platinum/tung-
sten, platinum/iridium (Yoshida and Horch, 1993; McNaughton and
Horch, 1996), and titanium are used, at which platinum is the most
commonly used material in the field of stimulation electrodes. Over the
past years, the interest shifted more and more to iridium oxide as mate-
rial for stimulation electrodes (Tanghe et al., 1990; Weiland et al., 2002;
Slavcheva et al., 2004; Gunning et al., 2007). Stimulation electrodes are
characterized by a high charge transfer capacity and a low impedance.
The term ”charge transfer capacity” means the ability to deliver a high
amount of current per surface area in the proximity. The charge transfer
capacity of iridium oxide exceeds the value of platinum about a coef-
ficient of 25-50. Furthermore, in literature it was shown that iridium
oxide is chemically inert and under certain circumstances biocompati-
ble (Lee et al., 2003, 2004a, 2005b). The electrodes are fabricated by a
sputter process (Wessling et al., 2006). During this vacuum evaporation
process portions of pure iridium (target) are physically removed, and a
thin, firmly bonded film onto the prepared wafer (substrate) deposited
(SIROF = sputtered iridium oxide films). The process occurs by bom-
barding the surface of the iridium target with gaseous ions under high
voltage acceleration. Caused by an oxygen atmosphere in the sputtering
chamber pure iridium is oxidized. So far, in literature such layers are
only rarely described and most notably not investigated in microelec-
trode scale (Anderson et al., 1989; Tanghe et al., 1990; Pinnow et al.,
2002). In the past, recordings from brain slices as well as single neurons
were done with FETs (Jobling et al., 1981; Fromherz et al., 1991a; Vas-
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So far, in most biohybrid systems vertebrate cell systems are used (Wa-
genaar et al., 2005; Pasquale et al., 2008; Minerbi et al., 2009). Due
to the high cell density, which vertebrate neurons needs for successful
cultivation, the determination of defined correlations between recorded
signals and certain neurons is still a problem. However, a detailed view
in network activity can only be achieved if individual synaptical connec-
tions are analysed and the activity of single neurons investigated. Two
different approaches can be chosen to circumvent this problem. From
the technical point of view, electrode arrays with a high density of mi-
croelectrodes are developed. The most commercialized MEAs provide
typically 30-160 electrodes with inter-electrode distances of 100 to 500
µm (Pine, 1980; Gross et al., 1995; Jimbo et al., 2003; Suzuki and Ya-
suda, 2007). In recent years, high-density MEAs, realized in standard
microelectronics or CMOS (complementary metal oxide semiconductor)
technology have emerged, that bear the potential to perform recordings
at single-cell resolution (Eversmann et al., 2003; Berdondini et al., 2005;
Imfeld et al., 2008; Frey et al., 2009; Berdondini et al., 2009; Maccione
et al., 2010). This is mostly due to the possibility to place thousands
of tightly spaced electrodes and the respective addressing and read-out
circuitry on a single chip.
From the biological point of view, low-density neuronal networks are
chosen to achieve a one-to-one coupling between neuron and electrode.
For low-density networks in most cases invertebrate neurons were used
(Fromherz et al., 1991b; Claverol-Tinture et al., 2007; Greenbaum et al.,
2009; Massobrio et al., 2009). The invertebrate nervous system shares
many features with that of vertebrates, and its neurons have similar
physiological and pharmacological responses (Smith and Howes, 1996).
This fact can be exploited so that many of the fundamental principles
of the nervous system can be derived from the relative simple systems
of invertebrates. Studies on the invertebrate nerve functions have con-
firmed that despite of the complexity of living systems, basic strategies
are conserved and results derived from invertebrate models are relevant
to biomedical research. In addition, studies of invertebrate neural func-
tion and control are of interest in their own right and, especially in the
case of insects, have obvious practical applications in the development
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of highly specific compounds for pest control (Smagghe et al., 2009).
Compared to vertebrate cells, invertebrate neurons have the advantage
of cultivation in very low densities up to a single cell level. To realise a
one-to-one coupling, each neuron has to grow close to, but better directly
on the electrode surface. The more the electrode surface is covered by
the cell and the tighter the contact between cell membrane and electrode
material the stronger the extracellular signal measured (Sorribas et al.,
2001; Claverol-Tinture et al., 2005). A complete covering of commonly
used electrodes by vertebrate cells with an averaged cell size of 10 µm
is rather difficult. However, with averaged cell sizes of 30 µm to 50 µm
(some cells are considerably larger), invertebrate neurons from certain
snails or insects provide again an advantage and are used preferentially
in such approaches (Massobrio et al., 2009; Greenbaum et al., 2009).
Furthermore, it has been shown, that insect neurons are very robust
and unselective concerning their cell culture conditions and growth sub-
strates. The insect neurons can be easily isolated in large quantities and
in sizes from 10 µm up to 120 µm from the nervous system. Therefore,
the use of insect neurons allows for a continous adjustment of the cell
material to technical devices in a miniaturization process. Insect neurons
show electrical activity and it has been shown by double-recordings that
they are able to form functional synapses in vitro (Weigel, 2006; Reska
et al., 2008), which is an important precondition for network formation.
Due to this facts, a primary cell culture system of Locusta migratoria is
used as biological test system in our project.
However, different problems concerning the biohybrid approach still have
to be solved by the use of vertebrate as well as invertebrate neurons.
A very important and essential problem is the positioning of neurons
on distinct electrodes on the MEA surface and the guiding of neuronal
growth to support the network formation. Furthermore, a fixation of the
neurons on the electrode surfaces after the positioning process must be
ensured, so that during network formation the neurons are not be able
to pull each other from their initial position driven by mechanical forces
(Anava et al., 2009). It could be observed, that forming of synaptical
connections led to a shortening of the neurites and the somata left their
initial position. To solve this problem, chemical as well as topograph-
ical surface modifications can be taken into account. Chemical surface
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modification is achieved by spatial organization and immobilisation of
biological molecules. Altered surface chemistry produces biologically ad-
hesive or non-adhesive patterns. Chemical cues are biomimetic because
they depend on receptor-ligand binding. The substrate topography is
a nonbiological method of regulating cell growth because textured sur-
faces serve simply as an extracellular physical milieu without involving
biomolecules. Topographical modifications could, however, provide a
biomimetic cell-stimulating cue because cells in vivo grow on textured,
not smooth surfaces (Lim and Donahue, 2007).
2 Aim of the project
This interdisciplinary project was divided into biological and technical
work packages. Different working groups from different disciplines fo-
cused on their work packages while we all strived for a common purpose.
The project concentrates on the development of biohybrid systems com-
posed of defined neuron populations and semiconductor chips, which
allow for simultaneous extracellular stimulation of neurons and the non-
invasive recording of their activity in vitro. The development of the
biohybrid system requires the further development and the gradually
miniaturisation of microelectronic devices. We want to integrate SIROF-
electrodes for stimulation and field-effect transistors (FET) for record-
ing on one chip. Insect neurons are used as a biological test system.
As aforementioned, insect neurons are very suitable for this approach
because of their unselective behavior concerning cell culture conditions,
their growth in low cell densities, and the ability to remove neurons in
variable cell sizes from the nervous system. The goal of this project
is the bidirectional coupling between stimulation system, neuron, and
recording system. The long-term objective of the project is the develop-
ment and characterization of miniaturized biohybrid systems also with
the smaller vertebrate neurons. This will result in a new approach for
the investigation of synaptic connections and analysis of communication
patterns in simple neuronal networks.
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Different problems, not only in the biological, but also in the technical
part, have to be solved to achieve this goal. A detailed neurocompati-
bility test of iridium oxide and locust as well as chicken neurons was the
first biological work package. The results of the biocompatibility study
are described in chapter 3. A big part of this thesis concentrated on
surface modifications which can be used in cell positioning and support
the guided growth of the insect neurons. Here chemical as well as to-
pographical modifications were tested (chapter 4 and 5). Furthermore
the insect neurons were cultivated on MEAs with SIROF stimulation
electrodes exclusively to investigate the stimulation efficiency dependent
on different stimulation pulse parameters (chapter 6).
The technical work packages include first, the development of a DC-
sputter process for the fabrication of biocompatible, long-term stable,
microstructured, iridium oxide stimulation electrodes with high charge
transfer capacity, lowest impedance, and good cell adhesive properties.
For recording purposes, miniaturized FETs should be developed. In the
following, the technical work packages were not described in detail. But
it has to pointed out that a close connection between biological and
technical parts existed so that biological investigations considering elec-
trophysiological measurements were possible as recently as the technical
development and processing of the device is finished.
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3 Neuronal cell growth on iridium oxide
3.1 Introduction
A better understanding of the function of neuronal networks, the ba-
sis for learning, cognition, and information storage in the brain, is of
great interest to neuroscientists. The investigation of neuronal networks
formed in cell culture provides the opportunity to gain insights into basic
principles of the development, structure, and function of neuronal as-
semblies such as outgrowth of neurites, synapse formation, and synaptic
plasticity outside the much more complex situation in vivo. To obtain
deeper insights into the function of such neuronal networks in culture
it is essential to have tools which allow investigations over long time
periods (days, weeks), preferably with non-invasive electrophysiological
techniques. Planar multi electrode arrays (MEAs) provide such tools for
long-term recording of neuronal activities as well as for the stimulation
of single neurons or subpopulations. Various MEAs have been developed
for in vitro experiments (Thomas Jr. et al., 1972; Gross et al., 1977; Pine,
1980; Novak and Wheeler, 1988; Eggers et al., 1990; Maher et al., 1999a;
Spro¨ssler et al., 1999; Jun et al., 2007). To get an even more detailed un-
derstanding of information processing in neuronal networks, an optimal
resolution of signalling processes is required, ideally with low cell densi-
ties that allow for the stimulation and recording of single cells. Single
cell stimulations require small-area electrodes with a high charge injec-
tion capacity per unit area. The size of the electrodes and the amount of
the stimulus current that must be produced are directly determined by
the efficiency of electrical charge transfer from the electrode to the cells.
The most common stimulation electrode materials are platinum and gold
(Thomas Jr. et al., 1972; Gross et al., 1977; Pine, 1980; Maher et al.,
1999b), but in the last years the interest shifted more and more towards
iridium oxide (Robblee et al., 1983; Tanghe et al., 1990; Weiland et al.,
2002; Lee et al., 2004a; Slavcheva et al., 2004; Lee et al., 2005a; Gunning
et al., 2007). Previous studies show that iridium oxide is an excellent
candidate for the use as a charge injection material for stimulation elec-
trodes (Lee et al., 2002, 2003, 2005b; Wessling et al., 2007; Cogan et al.,
2009), because the value of its charge delivery capacity is about a factor
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of 20 higher and the safe water window is larger compared to the values
of platinum (Slavcheva et al., 2004; Wessling et al., 2007). Therefore,
the size of the electrode can be lowered for the same amount of current
that must be applied for activation of one cell. The high charge delivery
capacity occurs through a reversible proton reaction and associated va-
lence transition within the oxide film (Rand and Woods, 1974).
An optimal interaction between neurons and electrodes on a MEA with
iridium oxide electrodes requires biocompatibility, more precisely neu-
rocompatibility, of iridium oxide. In this context, biocompatibility does
not only mean that cells survive on the material (Lee et al., 2003, 2004a,
2005b), but rather that an optimal growth of neuronal cells on the sub-
strate occurs, which is a prerequisite for network formation. Cell adhe-
sion plays a key role (Letourneau, 1975; Richards, 1996). It was shown
that surface texture, including topography (Curtis et al., 2001), wetta-
bility as well as chemical coating with bioactive molecules, may influence
adhesion and therefore cell growth.
In this study, two different biological test systems were used - thoracic
neurons from adult locusts (Kirchhof and Bicker, 1992; Weigel, 2006)
and auditory brainstem neurons from embryonic chicken (Kuenzel et al.,
2007). The robustness and undemanding nature of locust neurons in pri-
mary culture turn them into an excellent biological test system for the
testing of electrodes for single cell stimulation on MEA systems. First,
locust neurons may routinely be obtained in a large size range (20 to 120
µm), and, second, insect neurons grow and develop with low densities in
cell culture. Thus the insect neurons provide an excellent test system for
our long-term goal, the further reduction of the size of the electrodes so
that they finally become suitable for recording and stimulation of much
smaller vertebrate neurons. It would be futile, however, if it turned
out that the electrode material should turn out to be incompatible to
vertebrate neurons. For this reason we also included tests with chicken
neurons.
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3.2 Materials and Methods
3.2.1 Substrate
All sputter experiments were performed on a Nordiko NS 2550 top-down
magnetron tool. Prior to sputtering, the chamber was evacuated to at
least 4 x 106 mbar by means of a cryogenic pump. During sputtering,
the system pump was throttled to a pumping speed of 144 L/s. The
Ar flow to the plasma chamber was held constant at 100 sccm. Before
iridium oxide film deposition a Ti adhesion layer of 25 nm thickness was
deposited on the 100 mm in diameter oxidized Si substrates. For the
iridium oxide film deposition the sputtering forward power was fixed at
180 W and the sputtering pressure was maintained at 15 mTorr by means
of a throttle valve. To gain different iridium oxide morphologies the gas
flow Q(O2) determining the O2 partial pressure for the deposition was
varied between 1.7 sccm and 90 sccm. Films with typical surface mor-
phologies were referred to IrO#1 (1.7 sccm), IrO#2 (10.4 sccm), IrO#3
(45 sccm) and IrO#4 (90 sccm), resp. The pure iridium was deposited
with the same parameters, just without any oxygen supply. Film thick-
nesses were measured by profilometry and were found to be in the range
of 100 nm.
The different substrates for the investigations, available as square 1 cm2
pieces, were cleaned in a 1:1 mixture of acetone and ethanol, followed
by distilled water in an ultrasonic bath for 3 minutes each to eliminate
potentially harmful substances deriving from the fabrication process. In
every experimental series iridium and the different iridium oxide surfaces
were used in an uncoated as well as a coated condition. In experiments
with insect cells, Concanavalin A (Con A, Sigma) was chosen as coating
substance, whereas in the experimental series with chicken cells, poly-
(D)-lysine (PDL, Sigma) was used. Con A was diluted (0.2 mg/ml) in
phosphate buffered saline (PBS, Sigma), whereas PDL was dissolved in
distilled water (0.1 mg/ml). The coating solutions were applied for at
least 2 hours at room temperature to the desiccated substrates. Af-
terwards the substrates were rinsed three times with PBS and water,
respectively. As a negative control, cells were cultured on uncoated and
coated (see above) glass coverslips (ø12 mm, Marienfeld), which were
sterilised by an ethanol flame.
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Scanning electron microscopy (SEM) images were made with a Zeiss
Gemini 620 electron microscope at 3 kV.
Atomic force microscopy (AFM) images were made with an Explorer
atomic force microscope from Veeco and give information about surface
structure and differences in roughness of uncoated and coated iridium
oxide surfaces.
3.2.2 Contact angle measurements
The wettability of the uncoated and coated base materials was assessed
by static contact angle measurements using the sessile drop method.
The measurements were performed using a contact angle meter (OCA
20, DataPhysics) with appropriate software (SCA 20, DataPhysics). A
drop of Milli-Q water was placed on the solid surface of the base material.
A droplet of water (5 µl, ultrapure grade) was formed through a capillary
and put on the different test surfaces. The contact angles were measured
from the left and the right side of the drop and values were averaged.
Measurements were repeated three times for each base material on three
different batches.
3.2.3 Marker enzyme assay
To investigate the quality of the Con A and PDL-coating and to deter-
mine the protein density on substrates a marker enzyme assay was per-
formed using horseradish peroxidase (HRP) (Hinterdorfer et al., 1998).
Con A conjugated with HRP was commercially obtained (Sigma), while
the linking process of PDL and HRP was done with an EZ Link Plus
Activated Peroxidase Kit (Pierce). The experiments were carried out
by coating all test substrates with HRP-conjugated Con A (0.2 mg/ml)
or HRP-conjugated PDL (0.1 mg/ml). Coated substrates were inserted
into 3 ml photometer cuvettes containing 3 ml o-phenylenediamine dihy-
drochloride (Sigma-Aldrich; 0.8 mg/ ml in 50 mM citric acid-NaOH, pH
5.5) and 30 µl of 3% hydrogen peroxide (v/v) in bidistilled water. HRP
catalyses the conversion of o-phenylenediamine by hydrogen peroxide
to 2,3-diaminophenazine. The solution in the photometer cuvettes was
continuously stirred and inserted into a Spectrophotometer (PCP 6121,
Eppendorf) every 30 seconds to measure E389. During the absorption
12
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measurement the substrate was outside of the solution. The more coat-
ing substance on the iridium oxide surfaces the more enzyme is available
and the faster is the chemical reaction towards 2,3-diaminophenazine.
Therefore, high absorption values indicate a high turnover of substrate
and this again reflects a high enzyme concentration. Assuming that most
of HRP is coupled to Con A or PDL, respectively, a high enzyme con-
centration demonstrates a high coating protein concentration. Due to
the brief experimental runs, the amount of oxidation product resulting
from uncatalyzed reaction is negligible. Overall, six measuring points
were taken per substrate which resulted in a total measuring time of
three minutes. Experiments were repeated three times. The slope of a
linear approximation of the measuring points in each case gives a de-
gree of absorbance. The steeper the slope the more absorbance could be
measured.
For calibration of the total amount of adsorbed protein, the enzyme
activities of known amounts of labeled proteins were measured (Hinter-
dorfer et al., 1998).
In order to determine whether or not the HRP-labeling changes the
adsorbance of Con A or PDL, coating with pure HRP was performed ac-
cording to the protocol as described above. Additionally a displacement
assay was applied. For the assay coating was performed as described
above, but known amounts of unlabeled Con A or PDL were added to
the HRP-labeled protein.
3.2.4 Animals
Male and female adults of Locusta migratoria were used within one week
after their final moult. Locusts were obtained from a crowded colony
maintained at the Institute of Biology II. The insects were kept under a
constant light/dark cycle of 12/12 h and were fed with wheat seedlings
and wheat bran.
For chicken embryonic neuron cultures, fertilized eggs of White Leghorn
chickens were obtained from a local poultry farm and incubated until
embryonic day 6.5 in a forced draft incubator. All experimental proce-
dures in this study conformed to German laws and were approved by
the local authorities (Animal Research Committee, RWTH University
13
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Hospital Aachen, Germany).
3.2.5 Cell culture
Locust cells were prepared in modified Leibovitz L-15 cell culture medium
(Sigma-Aldrich). The following substances were added: 200 mg/l glu-
cose, 80 mg/l fructose, 35 mg/l L-proline and 6 mg/l imidazole as 10x
stock solution in Leibovitz L-15. Furthermore, modified Leibovitz L-
15 medium contains 1% (v/v) L-glutamine solution (200 mM, Invit-
rogen) and a mixture of penicillin (10.000 units/ml) and streptomycin
(10 mg/ml) (Sigma-Aldrich) and Amphotericin B (250 µg/ml, Sigma-
Aldrich) solution. The osmolarity was enhanced to 390 mOsmol/kg by
addition of 10 mM glucose, 10 mM fructose and 25 mM HEPES (4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (Weigel, 2006). The
meso- and metathoracic ganglia were dissected for the isolation of neu-
rons. After removal of the ganglionic sheath, cells were dissociated en-
zymatically by treatment with dispase (Invitrogen) solution (2mg/ml in
Hank’s balanced salt solution, Sigma-Aldrich) for about 30 minutes and
subsequent trituration of ganglia. After centrifugation for 3 minutes at
1200 rpm (Sigma Laboratory Centrifuges 3-15) a defined amount of su-
pernatant was discarded and the cells were resuspended. The amount of
residual medium determined the density of cells. For the experiments,
cell suspensions that derived from 4 animals were pooled. A defined
volume of 70 µl cell suspension was plated on each pretreated substrate.
Cells were allowed to adhere to the surface for about one hour. After-
wards, 3 ml cell culture medium, as specified above, was added. The
cultures were maintained at 30◦C in an incubator. Since the cell density
is non-homogeneous, plating a defined number of cells was not possible.
Chicken embryonic brainstem cultures were prepared as previously de-
scribed (Kuenzel et al., 2007). Briefly, embryos were decapitated and tis-
sue preparation was performed in ice-cold Hank’s balanced salt solution
(Gibco/ Invitrogen) under a preparation microscope. Tissue chunks were
treated with trypsin/EDTA (Gibco/ Invitrogen) for 14 min and gen-
tly triturated. Dissociated cells were briefly resuspended in Dulbecco’s
modified Eagle’s medium/F12 (1:1; Gibco/ Invitrogen) containing 10%
fetal calf serum (Gibco/ Invitrogen) to stop trypsin activity, and rinsed
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once (Hank’s balanced salt solution) before being resuspended in Dul-
becco’s modified Eagle’s medium/ F12 (1:1) containing 2% of the serum
supplement B27 (Gibco/ Invitrogen). All media contained 20 units/ml
penicillin/streptomycin. Cells were seeded on base materials (see above)
in a controlled density of 400 cells/mm2 and cultivated in a humidified
incubator at 37◦C with a 5% CO2 atmosphere for 3 days.
3.2.6 Analyses and Immunocytochemistry
The total number of cells in the insect cell cultures was determined at the
first and the third day in vitro. All cells on the surface of the substrate
were counted to estimate the decrease in cell numbers during the first
days. The cultures were fixed on the substrates with 4% Formaldehyde
(FA) at day three in vitro. The fixation was followed by immunocyto-
chemical staining. An antiserum against horseradish peroxidase (anti-
HRP, Sigma-Aldrich) served as a marker specific for insect neurons and
was visualized with a Cy3-conjugated secondary antibody (Jackson Im-
muno Research) (Loesel et al., 2006). As a general marker for chicken
neurons an antibody against microtubuli associated protein 2 (MAP2,
Sigma-Aldrich) was used. An Alexa488-conjugated secondary antibody
(Molecular Probes/ Invitrogen) was used to visualize the neurons in
fluorescence microscopy. The nuclei of both locust and chicken neu-
rons were stained with the nuclear marker 4’-6-Diamidino-2-phenylindole
(DAPI, Sigma-Aldrich). The double-staining methods allow to distin-
guish between neurons and non-neuronal cells. After staining, the sub-
strates were mounted on glass slides under glass coverslips using Elvanol
(mounting medium for fluorescent stainings) and were analysed with a
confocal laser-scanning microscope (TCS SP2, Leica Microsystems) or a
fluorescent microscope (Axiophot 2, Zeiss). The analysis of the stained
samples includes cell count determination as well as qualitative exam-
ination. The total number of neurons and the percentage of neurons
with processes were determined in the experiments with insect cells. In
chicken cell cultures, because of the much higher cell density, the density
of DAPI-positive cells (all cells) and MAP2 positive cells (neurons) were
determined by counting the number of signals in 10 randomly taken pho-
tographs. Additionally, the mean number of primary neurites and the
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mean value of the longest neuritic path (in µm) of the chicken neurons
were determined. For the morphometric reconstruction of the neuritic
path the Axiovision Software (Zeiss) was used. All experiments were
repeated three times.
3.2.7 Electrophysiology
For further testing biocompatibility, the viability of insect neurons was
investigated by intracellular recordings with glass microelectrodes. Record-
ings were done in cell cultures on different non modified iridium and
iridium oxide surfaces at the third day in vitro. Electrodes were filled
with potassium chloride (KCl, 2M) and had resistances of 50-70 MΩ.
3.3 Results
3.3.1 Substrate
The SEM images (Fig. 1(a)-(e)) show the different surface morphologies
that were obtained from the reactive magnetron sputtering process. The
differences in surface morphology depend on the varied O2 partial pres-
sure. The surface of e.g. IrO#2 (Fig. 1(c)) shows a grainy appearance
that is characterized by small, cauliflower like structures, typical for the
columnar film growth at low substrate temperatures. Upon further in-
crease of the oxygen supply during the deposition process, a different
surface with platelet structures develops (Fig. 1(d) and 1(e)) Wessling
et al. (2007); Wessling (2007).
The AFM images (Fig. 2) show the surface topographies of two
iridium oxide samples, IrO#2 und IrO#4, obtained from reactive mag-
netron sputtering. The surface roughness profile can be described by
different parameters. As a main roughness parameter relating to verti-
cal features of a surface, the median value of roughness profiles (Ra) of
pure iridium and iridium oxide films in uncoated and coated state was
measured by means of AFM (Tab. 1). The median of Ra values of pure
iridium, IrO#1, and IrO#2 were determined to 1.21 nm, 1.01 nm, and
1.31 nm, while the roughness values for IrO#3 and IrO#4 were deter-
mined to 6.32 nm and 5.71 nm, respectively. Although the Ra values
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(a)
(b) (c)
(d) (e)
Fig. 1: SEM images of pure iridium and different iridium oxides. The images
show samples sputtered at different oxygen supplies to the chamber. (a) Pure iridium,
Q(O2)=0 sccm. (b) IrO#1, Q(O2)=1.7 sccm. (c) IrO#2, Q(O2)=10.4 sccm. (d) IrO#3,
Q(O2)=45 sccm. (e) IrO#4, Q(O2)=90 sccm.
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Fig. 2: AFM images of IrO#2 and IrO#4. (a) AFM images of a 50 x 50 µm section
of uncoated, non-modified IrO#2 and IrO#4. (b) AFM images of 5 x5 µm section of
uncoated, non-modified IrO#2 and IrO#4. (c) IrO#2 and IrO#4 after PDL-coating. (d)
AFM images after Con A-coating.
for the oxygen-rich samples, IrO#3 and IrO#4, are clearly higher one
must keep in mind that Ra is a mean value. When changing the film
morphology from a homogeneous distributed cauliflower-like structure
to a localized grainy one (Fig. 2), the local variance of roughness can
rise. Ra values for surfaces with different types of morphologies for this
reason are difficult to compare.
In the AFM images of coated iridium oxides (Fig. 2(c) and (d)) differ-
ences in surface structure are hardly visible. The Ra values give more
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Tab. 1: Ra values of IrO#2 and IrO#4 in uncoated and coated state. The Ra
values were measured by means of AFM. The results showed a clear influence of coating
on roughness.
Ra [nm]
Measurements 1 2 Median 4 5
Uncoated Ir 0.99 1.11 1.21 1.31 1.68
IrO#1 0.92 0.93 1.01 1.27 1.41
IrO#2 0.98 1.01 1.31 1.49 1.61
IrO#3 5.68 6.23 6.32 7.12 7.87
IrO#4 5.46 5.64 5.71 5.92 6.30
PDL Ir 1.14 1.54 1.63 1.93 1.97
IrO#1 1.01 1.09 1.19 1.53 1.69
IrO#2 0.74 1.27 1.51 2.19 4.11
IrO#3 7.36 7.41 7.81 8.12 8.14
IrO#4 1.89 2.22 2.48 2.82 3.15
Con A Ir 1.68 2.07 2.57 2.63 3.74
IrO#1 2.65 2.84 3.04 3.25 3.95
IrO#2 3.53 4.41 4.89 6.90 7.81
IrO#3 5.30 5.36 5.49 6.10 7.99
IrO#4 2.74 2.95 3.52 3.72 3.89
information about changes in roughness (Tab. 1). PDL-coating of pure
iridium, IrO#1, IrO#2, and IrO#3 roughs up the surface slightly, while
PDL-coating of IrO#4 leads to a smoothing of the surface. PDL coated
IrO#4 showed Ra values of 2.48 nm. Con A-coating leads to a clear key-
ing of surface of iridium, IrO#1, and IrO#2. Con A-coating of IrO#3
and IrO#4 smoothed the surface.
3.3.2 Contact angle measurements
The contact angles measured are summarized in Table 2. In the un-
coated state, contact angles between 80◦ and 90◦ have been observed
for pure iridium and IrO#1 to IrO#3, while the contact angle of IrO#4
was clearly above 90◦. It is obvious that the contact angles of uncoated
iridium oxide surfaces are close to the threshold of hydrophilic to hy-
drophobic surfaces. The high measured contact angle of IrO#4 could
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Tab. 2: Contact angles. Water contact angles of the test substrates in uncoated, PDL-
coated and Con A-coated state, measured with the sessile drop method.
Contact angle [degree]
Mean 1 2 3
Uncoated Control 56.07 50.75 55.95 61.50
Ir 81.60 80.90 84.80 79.10
IrO#1 87.53 91.85 84.55 86.20
IrO#2 86.48 87.35 85.00 87.10
IrO#3 88.00 89.20 75.10 99.70
IrO#4 102.65 102.80 104.25 100.90
PDL-coated Control 57.33 65.70 49.20 57.10
Ir 68.88 68.45 69.25 68.95
IrO#1 74.18 71.45 76.30 74.80
IrO#2 79.12 82.80 76.55 78.00
IrO#3 83.80 94.15 73.85 83.40
IrO#4 83.60 86.35 78.30 86.15
Con A-coated Control 67.10 70.45 63.60 67.25
Ir 56.30 34.60 63.20 71.10
IrO#1 68.73 68.65 70.35 67.20
IrO#2 63.35 43.20 74.35 72.50
IrO#3 42.20 58.25 28.95 39.40
IrO#4 67.25 54.50 73.20 74.05
result from a high grainy surface roughness that may influence the con-
tact angle. The measured angles showed values higher than those de-
termined for glass surfaces, which means that all tested surfaces were
less hydrophilic than glass. The series of measurements indicated that
coating leads to even more hydrophilic surfaces. PDL coated iridium
oxide surfaces showed contact angles between 74◦ and 84◦. The most
hydrophilic surfaces could be obtained by Con A-coating. But the mea-
sured angles of Con A coated iridium oxide showed large fluctuations
between the test series. On closer examination it became obvious, that
the largest fluctuations could be observed with IrO#3.
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3.3.3 Marker enzyme assay
Although contact angle measurements provide an indication of success-
ful coating with Con A as well as PDL, a more meaningful proof for
the quality of coating is the marker enzyme assay. It allows to demon-
strate the presence of the coating substance and to estimate the density
of molecules on the surface (Hinterdorfer et al., 1998).
Figure 3 shows the results of the enzyme kinetics measurements. Fig-
ure 3(a) demonstrates the results of the enzyme assay with HRP conju-
gated Con A, while Figure 3(b) shows the results of the assay with HRP
conjugated PDL. Figure 3(c) gives a comparison of the mean values of
the slopes calculated from the result out of three experimental runs. The
values of absorbance measurements were normalized to that of the con-
trol experiment (coated glass cover slips). With all iridium substrates
used an increasing absorption over time could be observed. These results
illustrate that all surfaces tested could be successfully coated with Con
A and PDL molecules. All coating procedures led to steeper slopes in
absorbance with iridium and iridium oxide surfaces significantly higher
than glass. It is reasonable to assume that this is due to the increased
surface area of the rough iridium oxide material. With respect to coat-
ing properties, no differences could be observed between different iridium
oxide surfaces. We conclude that the difference in surface structure be-
tween glass and iridium was the crucial factor in coating ability while
differences in roughness between the tested oxides played no critical role.
Most likely the results deviate from coating procedures for cell culture
experiments because the relatively large HRP molecules linked to Con
A or PDL influences the size of the coating proteins or could have ad-
ditional affinity to the surface. However, control experiments, coating
iridium oxide surfaces with HRP alone showed a clearly lower affinity
of pure HRP than HRP-labeled Con A and PDL, respectively, to the
iridium oxide surfaces (data not shown). Furthermore, in a displace-
ment assay where the coating was performed with a mixture of labeled
and unlabeled Con A or PDL, a clear linear dependence on the known
fraction of unlabeled protein could be observed indicating approximately
identical adsorption of labeled and unlabeled Con A or PDL to the irid-
ium oxide surface (data not shown). From the calibration process with
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(a) Con A (b) PDL
(c)
Fig. 3: Marker enzyme assay. Test materials were coated with HRP coupled coating
molecules. The enzyme catalysed conversion of o-phenylenediamine by hydrogen peroxide
to 2,3-diaminophenazine. High absorption values indicate a high turnover of substrate
and this again reflects a high enzyme concentration. This, in turn, correlates with a high
concentration of coating polymeres. Data are pooled from three statistically independent
series of experiments, calculated mean values are shown. (a) Con A-HRP coating . (b)
PDL-HRP coating. (c) Absorbance rate of measurements with different test materials in
comparison to control.
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Tab. 3: Density of coating molecules. Interpolated densities of PDL- and Con
A-molecules on glass, pure iridium and the different iridium oxides. For both coating
molecules the lowest densities could be found on glass surfaces.
Density [cm2]
PDL-HRP Con A-HRP
Control 4.1366E+10 3.3078E+12
Ir 7.5420E+10 7.3614E+12
IrO#1 8.2434E+10 7.0918E+12
IrO#2 7.0844E+10 7.8424E+12
IrO#3 7.2708E+10 7.3439E+12
IrO#4 7.3799E+10 8.3285E+12
known amounts of labeled Con A or PDL, respectively, we calculated
the surface densities of adsorbed protein for Con A - HRP as 7.5 x 1012
cm−2 and for PDL - HRP as 7.5 x 1010 cm−2 on iridium and iridium
oxide surfaces. On glass surfaces the protein density was much lower
(Tab. 3).
3.3.4 Cell culture on iridium oxide - quantitative analysis
Analysis of cell cultures on test materials was done according to the
recommendations of the EU biocompatibility norm (ISO, 1999). Three
parameters were analyzed: 1) Engraftment of cells, 2) survival during
the first three days in culture, and 3) differentiation of neurons. The es-
timation of engraftment were done via total cell numbers as well as via
number of neuronal cells, distinguished with double staining methods
(Fig. 4(a), 4(b) and Fig. 5(a), 5(b)). In insect cell culture, the distribu-
tion measured for total cell numbers and neuronal cell numbers looked
very similar. Regarding the counted cell numbers, most of the cells we
found in culture were neuronal cells, which could be identified with the
anti-HRP staining. The data showed, that Con A-coating had a positive
effect on cell growth of neuronal but also of non-neuronal cells. There
was a slight increase in cell numbers on Con A coated surfaces, which
was most pronounced on IrO#1 and IrO#2. Looking for uncoated ma-
terials, the mean cell numbers were distributed around control values.
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(a)
(b) (c)
(d) (e)
Fig. 4: Quantitative analysis of cells from locust thoracic ganglia in vitro. (a)
Absolute cell numbers (equates to DAPI signals) of locust cells determined at DIV 3. (b)
The total number of HRP signals, that is the total number of neurons, was counted at DIV
3. Con A-coating had a slight positive effect on cell growth, which is most prominent on
IrO#1 and IrO#2. (c) Analysis of the decrease in cell number during the first three days.
The total number of cells was counted at DIV 1 and DIV 3 and the cell count calculated.
Please note that cell growth is undisturbed on all iridium oxide surfaces and pure iridium.
Coating with Con A seemed to play no essential role in cell count decrease. (d) At DIV 3
neurons with neurites were counted. On iridium oxide surfaces, but not on glass, a slight
positive effect of Con A is visible. (e) HRP signals (neurons) in comparison to DAPI
signals (all cells) at DIV 3. There is no difference in cell viability between neurons and
non-neuronal cells. This holds true for both uncoated as well as coated substrates.
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The cell numbers of IrO#1 and IrO#2 were lower than control level, the
cell numbers on Ir, IrO#3, and IrO#4 were higher than control.
Survival of the cells on different substrates during the first three days
were analyzed by the decrease in cell numbers, which could be calculated
by the difference of total cell numbers counted at the first and third day
in vitro (Fig. 4(c)). It was found that during the first three days changes
in cell numbers did not differ between control (glass) and the test mate-
rials (iridium oxide surfaces and pure iridium). Coating of the materials
did not cause changes in cell counts. In addition to the quantification
of cell numbers, which is a very general indicator of neuronal engraft-
ment and survivability, more specific neuronal growth parameters were
analysed. As a parameter of the quality of insect neuronal cell culture
and differentiation of neurons, the number of neurons with neurites was
determined (Fig. 4(d)). Neurite outgrowth is also an indicator for cell
adhesion. Regarding the formation of neurites, an improvement in the
portion of neurons with neurites on Con A coated substrates could be
seen. This is an indicator for better adhesion of neurons on coated than
on uncoated substrates and demonstrated that coating seemed to play
an important role in neuronal growth. It has to be pointed out, however,
that comparing uncoated and coated samples with each other, no obvi-
ous differences between glass and iridium oxide surfaces could be found.
In chicken cell cultures, the same parameters for engraftment and sur-
vival of cells as in insect cell cultures were determined (Fig. 5(a) - 5(c)).
The decreasing cell numbers were evaluated by counting stained cells at
third day in vitro with respect to a starting cell density of 400 cells/ mm2
(Fig. 5(c)). We were unable to provide control data for uncoated glass
because, in contrast to the insect cells, the chicken cells did not grow
on this substrate at all. In chicken cell cultures, MAP2 signals/mm2
showed the number of neurons obtained on pure iridium, 4 iridum ox-
ides, IrO#1 to IrO#4, and on coated glass as control material (Fig. 5),
while the total number of cells was shown by DAPI staining. A neuronal
specific parameter analysed in this study was the measurement of the
longest neuritic path of chicken neurons which is an indicator for differ-
entiation of neurons. The number of DAPI signals on pure iridium and
all iridium oxide surfaces, i.e. in uncoated and coated state, was below
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(a)
(b) (c)
(d) (e)
Fig. 5: Quantitative analysis of chicken embryonic brainstem cells in vitro. (a)
DAPI signals/mm2 (corresponding to all cell types) counted at DIV3 compared to a start-
ing cell density of 400 cells/mm2. After three days the cell number on uncoated substrates
was in the range of 50% of starting cell density and on PDL coated substrates the cell
density was about 75% of starting cell density. (b) MAP signals/mm2 (corresponding to
the number neurons) clearly illustrate the effect of coating with PDL. (c) Analysis of the
decrease in cell number during the first three days. Coating with PDL seemed to play an
essential role in cell count decrease, mainly on IrO#2 to IrO#4. (d) The longest neuritic
path as an indicator of neuronal growth. Growth on uncoated iridium oxide surfaces is
clearly compromised. Coating allows neuronal outgrowth comparable to control values.
(e) MAP signals (neurons) in comparison to DAPI signals (all cells) at DIV3. There is
no cell-specific effect on cell viability between neurons and non-neuronal cells. This holds
true for both uncoated as well as coated substrates.
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that values measured on the control material (coated glass) (Fig. 5(a)).
But no clear differences between the different iridium samples could be
observed. The positive effect of PDL-coating on the overall number of
cells in culture was prominent. But the influence of the substrate did not
seem to be entirely masked by the coating. After three days in culture,
the cell numbers on coated substrates were around 75% and on uncoated
substrates in the range of 50% of starting cell density (Fig. 5(c)). The
effect of coating was evident in the case of IrO#2 to IrO#4, but not
that distinctive in the case of pure iridium and IrO#1 (Fig. 5(a)). It is
noteworthy, however, that in contrast to uncoated glass it was possible
to also cultivate vertebrate cells on uncoated iridium and iridium oxide
surfaces. The positive effect of coating could also be seen by analysing
parameters regarding neuronal growth (Fig. 5(b) and 5(c)), but again,
this was mainly visible on IrO#2 to IrO#4 and less on pure iridium or
IrO#1. Like the total cell number (DAPI signals), the number of neu-
rons (MAP2 signals) at the third day in culture was lower on uncoated
than on coated substrates (Fig. 5(b)). Cell densities were similar on all
iridium oxide surfaces tested. Results of coated materials showed more
variations related to the total cell number. Analysing the measurement
of the longest neuritic path no obvious differences between the coated
iridium oxide surfaces, pure iridium, and the control was observed (Fig.
5(c)). But uncoated test materials led to less distinctive neurites. Re-
gardless of variations between coated and uncoated materials, the ratio
of neurons to the total cell number revealed that no substrate leads to
selective inhibition of neuronal survival (Fig. 5(e)). The latter point was
also true for insect cell culture (Fig. 4(e)).
3.3.5 Cell culture - qualitative observations
We qualitatively observed the morphology of locust neurons. Figure 6
shows images from confocal laser scanning microscopy after immunocy-
tochemical staining with anti-HRP. Examples of neurons with neurites
grown on uncoated as well as on coated substrates are presented. We
found that independent of the base materials most of the neurons grew in
a multipolar manner. This is in agreement with the observation made in
control experiments. However, the most regular distribution of neurons
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Fig. 6: Morphology of locust neurons on different uncoated and coated sub-
strates. Confocal images of locust neurons in culture at DIV 3 after immunocyto-
chemical stainingwith neuron-specific polyclonal rabbit-anti-HRP antiserum and goat-anti-
rabbitCY3 as secondary antibody (a) on uncoated glass substrate as control, (b) on Con
A-coated glass as control, (c) on uncoated IrO#2, (d) on Con A-coated IrO#2, (e) on
uncoated IrO#4, and (f) on Con A-coated IrO#4. Scale bars: 40 µm.
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with distinctive neurites could be found on pure iridium and on glass
(Fig. 6(a)). The neurons on the four iridium oxide surfaces, IrO#1 to
IrO#4, in certain regions of surfaces showed less distinctive neurites (Fig.
6(c) and (e)). In either case, Con A-coating led to neurons with more
distinctive neurites (Fig. 7(b), (d) and (f)). However, the difference was
less pronounced in the case of pure iridium and glass (Fig. 6(a) and (b)).
Figure 7 and 8 show images of chicken cell cultures after immuno-
cytochemical staining with anti-MAP2 and DAPI. A qualitative look at
the morphology of chicken neurons (Fig. 7) showed striking differences
between uncoated and coated iridium oxide surfaces, which confirmed
the quantitative results, described above. The neurites are more distinct
on coated iridium oxide (Fig. 7(c) and (e)), while neurite outgrowth
was minimal on the uncoated material (Fig. 7(b), (d) and (f)). Here
also cell clusters could be observed. Both phenomena (low neurite out-
growth, clustered cells) were interpreted as an indicator of poor cell
adhesion. This could be seen more clearly in the DAPI staining (Fig.
8(b), (d) and (e)). It is most likely that the PDL-coating performed in
our experiments, was suitable to improve cell adhesion on iridium oxide
and led to improved neuronal outgrowth, in some cases comparable to
control level (Fig. 7(b), (d) and (g)). Cell clusters could not be found
in locust cell cultures. Considering the quantitative results, we conclude
that cell adhesion was not a limitation factor of insect cell growth on
iridium oxide.
In order to check for neuronal viability on a physiological level, we
performed electrophysiological measurements. Figure 9 shows sponta-
neous activity recorded from an exemplary insect neuron grown on un-
coated IrO#2. Recording with sharp electrodes were done on many
neurons (data not shown). As in intact thoracic ganglia, spiking and
non-spiking neurons could be found (Burrows, 1996).
3.4 Discussion
We have shown here, that different iridium oxides are neurocompatible
to neuronal cells of locusts and of limited neurocompatibility to chicken
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Fig. 7: MAP2-staining of chicken cells. Fluorescence microscopy images of chicken
neurons after immunocytochemial staining with mouse-anti-MAP2 and goat-anti-mouse-
Alexa488 as secondary antibody. (a) Neurons grown on PDL-coated glass. (b) Chicken
neurons grown on uncoated IrO#2, neurite formation was disturbed. (c) Neurons grown
on PDL-coated IrO#2, neuronal growth was comparable to control. (d) Neurons with dis-
turbed outgrowth on uncoated IrO#3. (e) Chicken neurons grown on PDL-coated IrO#3.
(f) Chicken neurons with inhibited neuronal outgrowth on uncoated IrO#4 as well as (g)
PDL-coated IrO#4. Scale bars: 50 µm.
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Fig. 8: Fluorescence microscopy images of chicken cells after DAPI staining.
(a) Overview of cell growth on PDL coated glass. (b) Cell growth on uncoated IrO#1,
cell clusters are observable. (c) Cell growth on PDL-coated IrO#1; no cell clusters were
visible and cell growth was comparable to control. (d) Cluster formation could be found
on uncoated IrO#4 and (e) PDL-coated IrO#4. Scale bars: 50 µm.
Fig. 9: Intracellular recordings of cultured locust neuron on iridium oxide sur-
face. The example shows an intracellular recording of the spontaneous activity of a locust
neuron grown on uncoated IrO#2 at DIV3. Comparable results were obtained from neu-
rons grown on other iridium substrates.
neurons from the auditory brainstem. We have demonstrated the possi-
bility to coat glass as well as amorphous iridium oxide with Con A and
PDL. We were able to show a positive influence of coating substances
on growth of neurons of both test systems. In this context different
parameters of the material were characterized.
3.4.1 Characterisation of iridium oxide
To get a deeper insight into the surface characteristics of the different
iridium oxide surfaces in uncoated and coated state, several lines of in-
vestigation were pursued.
Iridium oxide can be effectively formed by reactive sputtering from a
pure iridium target. The morphology can be influenced from smooth
over cauliflower like to grainy and even brittle. From a technical point
of view stable iridium oxide films with an optimal developed surface
31
Neuronal cell growth on iridium oxide
(cauliflower like) are best suited for stimulation purposes. These films
provide the highest charge storage capacity and therefore gain the best
charge injection capability.
We evaluated different morphologies of iridium oxide surfaces with re-
spect to its use as substrate for neuron cell culture. Although films
with high oxygen supply are regarded to be mechanically unstable, we
included all typical surface morphologies in this study and investigated
the influence of different film morphologies to neurocompatibility to iden-
tify the most suitable iridium oxide electrode coating. Additionally we
analysed the possibility of surface coating and the influence of surface
coating on biocompatibility.
In order to test the influence of the material itself on cell culture it is
important to use it in an uncoated and non-modified way, because cyto-
toxicity of the material could possibly be shielded by coating. Coating
could also lead to an improvement of adhesion and outgrowth of neu-
ronal cells in the culture, which is of interest for the optimization of cell
growth on such substrates in future investigations. In order to inves-
tigate positive effects of coating, Con A was used as coating substance
in insect cell culture and PDL as coating substance in vertebrate cell
culture. The choice of different coating substances was rooted in differ-
ent requirements of the cells and the search of optimal conditions for
the biological systems (Hayashi and Hildebrand, 1990; Stengl and Hilde-
brand, 1990; Beadle, 2006). PDL is the standard coating substance used
in vertebrate cell culture. Using PDL as coating substance in insect cell
culture was less successful. When PDL coated substrates were used for
locust cells we observed decreasing cell numbers during the first day as
a consequence of restricted cell adhesion. Similar results could be found
in literature (Hayashi and Hildebrand, 1990). Therefore we chose Con
A, the standard coating substance in insect cell culture. Con A is a
tetrameric lectin, which binds to specific carbohydrate residues, while
PDL is an amino acid polymer binding cells non-specifically. No infor-
mation was available whether a Con A or PDL-coating on iridium oxide
would be feasible. To our knowledge, Con A-coating on iridium oxide
substrates was never used before. Previous attempts to coat amorphous
iridium oxide with PDL were unsuccessful compared to glass (Thanawala
et al., 2007). Our data show, that coating of iridium and iridium oxide
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with both, Con A and PDL, was possible. It has been shown previously
that iridium oxide electrodes can also be successfully coated using dif-
ferent hydrogel materials (Winter et al., 2007).
Roughness measurements by means of AFM, contact angle measure-
ments, and the marker enzyme assay showed that there were some changes
of surface properties by coating the materials. From AFM images we
found, that the surface structure of iridium oxide is not completely
masked by the coating molecules, but changed in roughness. Changes in
surface structure of iridium oxide seemed to be dependent on the oxida-
tion, which correlate to the roughness level, and the coating molecules
used. The surface can be smoothed as well as roughed up by the same
coating molecule. The surface changes depend on the different rough-
ness levels of the iridium oxide surfaces. After the coating procedure,
the surface was modified in roughness but influences of steric surface
properties on cell growth were still preserved. Our results of cell culture
experiments with chicken cells on coated test substrates leads to the
conclusion that there must be a residual direct influence of the mate-
rial, because the measurements with PDL-coated glass and PDL-coated
iridium oxide surfaces clearly differ. The modifications resulting from
Con A-coating were subject to fluctuations. Especially the contact an-
gles measured on Con A coated materials showed differences between
the test series. These fluctuations are most likely due to differences be-
tween coating of different substrate batches. However, in all cases the
angles are clearly lower than the ones measured on uncoated material.
It is known, that the suitability of a material in terms of contact angle is
cell type dependent (Schakenraad et al., 1986; van Wachem et al., 1987;
Wang et al., 2008). Our results showed that locust cells are undemand-
ing regarding the substrate they grow on, contact angles between 40◦
and 100◦ seemed to be suitable for cell growth. For chicken cells contact
angles lower than 80◦ led to better cell culture substrates than angles
between 80◦ and 100◦. It has to be noted, however, that contact angles
reflect only one of many material properties. The suitability of a ma-
terial as cell culture substrate is conditioned by an interaction between
various physical properties of the material.
Fluctuations in measurement were also found in the marker enzyme as-
say. However, our experiments were designed to proof the possibility
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to coat the surfaces with both molecules, as opposed to measuring the
number of molecules. It is certain that the results deviate from coating
experiments with non-linked coating molecules. The results discussed
here deviate from those shown in the study of Thanawala et al. (2007),
where authors tried to coat amorphous as well as crystalline iridium
oxide with PDL. It remains unclear if there are differences in the PDL-
coating protocols of previous experiments and ours because of the lack
of a detailed description. We are sure, however, that our results clearly
show that iridium as well as iridium oxide can be successfully coated
with PDL and Con A.
3.4.2 Neurocompatibility of iridium oxide
In search of the most suitable substrate for cell culture, four different
iridium oxides were tested regarding their biocompatibility with locust
and chicken neurons. Biocompatibility can be estimated both in a quan-
titative and qualitative way. In terms of biocompatibility, we decided to
analyse not only survival of the cells in culture but also parameters which
help to assess the quality of cell culture. For almost all experiments it is
important that neurons not only survive in culture but also show a good
cell adhesion as well as distinct neurite outgrowth. Otherwise, neither
neuronal network formation will occur nor electrophysiological analysis
can be done. For this we coined the term neurocompatibility. Therefore,
we compared the number of surviving and adhering neurons in culture
and neurite outgrowth with numbers obtained in control experiments to
show neurocompatibility.
From our results of quantitative analysis it can be concluded that iridium
oxide films in combination with locust neurons are biocompatible. The
four iridium oxides as well as pure iridium investigated in this study were
almost equally neurocompatible compared to glass. Con A-coating had
a positive effect on neuronal growth in terms of total number of neurons
and neuronal outgrowth on all test materials. This indicates improved
adhesion of neurons on coated substrates. But with respect to controls
we also conclude that Con A-coating is not essential for outgrowth. This
is important for future experiments because it is not absolutely clear how
Con A-coating influences electrode properties. The results of qualitative
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observations corroborated the findings of quantitative investigations.
As described in the latter part, in terms of biocompatibility, neuronal
cells from locusts are optimally appropriate to electrophysiological inves-
tigations with electrodes composed of iridium oxide. We could show that
the other well established cell culture system we used, embryonic brain-
stem cells from chicken, are more demanding regarding their cell culture
conditions. Therefore, a more cautious estimation of biocompatibility
had to be done in case of embryonic brainstem cells of chicken and irid-
ium oxide. A cultivation of chicken cells on non-modified iridium oxide
surfaces was possible. But due to the quantitative and qualitative anal-
ysis we judge the biocompatibility of uncoated iridium oxide to chicken
neurons as restricted. The results showed obvious differences between
control and uncoated samples. While in control experiments the total
number of chicken cells at day three in culture did almost not differ from
the starting cell density, cells grown on uncoated substrates decreased in
number to 50%, cells on coated substrates to 75% of starting cell den-
sity. Also in qualitative observations, due to obvious cluster formation
on uncoated substrates, the inhibition of cell adhesion and growth be-
came clear. Thus, it has to be pointed out, that in experiments with
chicken cells, the electrode surfaces have to be coated for a proper use.
The above results show that the PDL-coating as performed in our ex-
periments is adequate to improve cell adhesion on iridium oxide, but the
influence of the substrate seems to be not entirely compensated by the
coating. Accordingly, the influence of PDL-coating on electrode perfor-
mance has to be investigated in the future.
Quantitative as well as qualitative results show that locust cells grow in
similar fashion under all conditions, in spite of the differences in rough-
ness. As the technically non optimal surfaces (IrO#3 and IrO#4) didn’t
show any superior properties in neurocompatibility, we can state that
optimized iridium oxide films (IrO#1 and IrO#2) with cauliflower like
surface morphology are well suited for both locust and chicken neurons.
3.5 Conclusion
In conclusion, we could show that biocompatibility of the base material
depends on the cell culture system used. This means in detail, suitable
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conditions for cell growth on such have to be defined for each biological
test system individually (Lee et al., 2003, 2005b; Thanawala et al., 2007).
In spite of these general constraints we could show that iridium oxide
could serve as a base material for two very different cell populations. Fur-
ther investigations have to show whether this can be generalized further,
for instance for cells of mammalian origin. Although our results clearly
show that the vertebrate cells show optimal adhesion and growth only
on coated iridium substrates, one has to bear in mind that the situation
on MEAs would differ from the situations tested here. We cultivated
cells on homogeneous iridium substrates. On a MEA only a small part
of the substrate for cell adhesion and growth, the stimulation electrodes,
would consist this particular material. In the immediate neighborhood
cells would have other surfaces with other properties to grow on. First
successful experiments show that iridium oxide electrodes can also be
used for in vivo implantations (Mokwa, 2007; Han and McCreery, 2008;
Mokwa et al., 2008). One has to bear in mind, however, that this situa-
tion differs very much from our in vitro approach. In the in vivo situation
differentiated cells are interconnected in a complex tissue consisting of
various different cell types. Adhesion to the electrode material as well as
new outgrowth might not be as important an issue as it is in cell cultures
investigated here.
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4 Surface modification and guiding of neuronal
growth
4.1 Introduction
Biohybrid systems, consisting of cultured neurons and planar multielec-
trode arrays (MEAs), provide a tremendous opportunity to investigate
synapse formation, development, and function in neuronal networks. In
many studies of neuronal networks on MEAs a large number of neurons,
which exceed the number of electrodes, was used that are randomly or-
ganized on the MEA surface (Marom and Shahaf, 2002; van Pelt et al.,
2004; Wagenaar et al., 2004; Hafizovic et al., 2007; Minerbi et al., 2009),
so that multi-neuron stimulation as well as recordings were done. The
difference in number between cells and recording sites makes one-to-
one neuron-electrode interfacing problematic and correlations between
extracellularly recorded signals and individual neurons can not be deter-
mined. But, to understand the function of a neuronal network and the
neurons that compose it in detail, electrophysiological as well as mor-
phological methods to identify individual neurons and describe how they
form connections to each other are used. This can be accomplished by
patterning the network (Kleinfeld et al., 1988; Scholl et al., 2000; James
et al., 2004; Jun et al., 2007). Many different techniques have been devel-
oped to pattern surfaces to control attachment and growth of neuronal
cells (Kleinfeld et al., 1988; Corey et al., 1991; Kane et al., 1999; Branch
et al., 2000; James et al., 2000; He et al., 2003; Jiang et al., 2005; Sugio
et al., 2004; Moriguchi et al., 2007; Dworak and Wheeler, 2009). How-
ever, a common theme of these techniques is to pattern adhesive and
non-adhesive regions on a surface, such that cells attach to the adhesive
regions and are repelled by or unable to attach to the non-adhesive re-
gions (Nelson et al., 2003). Using these techniques it is possible to direct
neurons to electrodes and thus provide the ability to study individual
neurons within a neuronal network.
To realise one-to-one interfacing, every neuron must be grown in the
proximity of, but better directly on the electrode surface, because the
position of the recording site with respect to the cell soma and processes
influences greatly the magnitude and shape of the recorded signal and
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the quality of the stimulation. This means, stimulation of and recording
from neurons grown on MEAs requires an optimal connection of neurons
to the electrodes (Buitenweg et al., 1998). Adhesion of neurons and neu-
rite outgrowth, is heavily dependent on the local environment, e.g. the
substrate is able to promote or inhibit the growth of neuronal cells. On
the one hand, the effect of the substrate depends on its biocompatibility
with the cell culture system used. On the other hand, the substrate can
be modified, in a chemical and physical or rather topographical way,
to achieve the desired qualities. An interplay between growth promot-
ing, i.e. adhesive, and growth inhibiting, i.e. non-adhesive, substrates
becomes important if connections between single neurons or certain neu-
ronal networks are to be investigated.
Locust neurons are - compared to vertebrate cells - comparatively unse-
lective as far as the surface material they grow on is concerned. Referring
to MEA surfaces this means that locust neurons grow on iridium oxide
as electrode material, the passivation layer, and also gold (conducting
path). Therefore, it became important to find a combination of growth
inhibiting and growth promoting surface modifications to directly guide
neuronal growth for the formation of defined neuronal networks in vitro.
The growth promoting substance should provide a means to, first, fix
the cells to the electrodes, second, promote outgrowth, and, third, allow
for guiding of neurites. In locust cell cultures so far Con A was often
used as growth promoting coating substance (Shefi et al., 2002; Fuchs
et al., 2007; Pfahlert and Lakes-Harlan, 2008). Con A is a tetrameric
lectin protein originally extracted from the jack-bean, Canavalia ensi-
formis, which binds to specific carbohydrate residues found in various
sugars, glycoproteins, and glycolipids. In vertebrate cell cultures the
adhesive material is generally an extracellular matrix (ECM) protein,
like laminin, fibronectin or collagen, to which cells adhere using spe-
cific receptors (Pierschbacher and Ruoslahti, 1984). The group of non-
adhesive materials which is known from literature varies greatly in its
chemical and physical nature. Chemically, non-adhesive materials can
be grouped as carbohydrates, synthetic polymers, or as proteins. Non-
adhesive carbohydrates are for example agarose (Nelson and Chen, 2002;
Sugio et al., 2004; Moriguchi et al., 2007) and Mannitol (Luk et al., 2000),
growth inhibiting synthetic polymers are for example polyethylene gly-
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col (Branch et al., 2000; Reska et al., 2008), polyacrylamide (Thomas
et al., 1999; Sasaki et al., 2009), and pluronics (Lhoest et al., 1996;
Gomez-Sjoberg et al., 2007), and non-adhesive proteins are for example
albumins (Branch et al., 2000; Ostuni et al., 2000; Thompson and Buet-
tner, 2001; Gustavsson et al., 2007). Physically non-adhesive regions are
either flat monolayers coplanar (Folch and Toner, 1998; Branch et al.,
2000; Luk et al., 2000; Gustavsson et al., 2007) to the adhesive regions or
raised hydrogels (Folch and Toner, 1998; Nelson and Chen, 2002; Sugio
et al., 2004). They all appear to resist adhesion of cells by preventing
nonspecific protein adsorption. The functionality of the adhesion as well
as non-adhesion layers is only temporally stable.
We turned our attention especially on growth inhibiting substances, be-
cause we found in the course of our studies that the locust neurons are
so unselective regarding the cell culture substrate they grow on. In this
study agarose gel coating as non-adhesive material for locust neurons
was investigated. Furthermore, the interest was directed towards a coat-
ing with an antiserum against HRP, which is normally used as specific
marker for insect neurons. The coating with anti-HRP led to the expec-
tion of a more neuron specific binding than known from Con A. We used
microcontact-printing for patterning of proteins.
4.2 Material and Methods
4.2.1 Agarose gel layers
Agarose gel layers were made of 2% or 3% agarose solution dependent on
the required stability of the gel layers. Both concentrations were equally
suitable for the experiments. For preparing a stock solution agarose
(Roth) was given in PBS (Sigma) and afterwards dissolved and ster-
ilized by autoclaving (121◦C, 20 minutes, liquid program). The stock
solution can be re-used by heating in a microwave oven (440 W). Con-
tamination should be avoided.
For coating the glass, iridium oxide, and ONO (from oxide, nitride, oxide;
the passivation layer of the MEA is composed of an sandwich of SiO2,
Si3N4, and SiO2) surfaces, the substrates were dipped into the heated,
liquid agarose solution up to the level of the desired coating area. This
results in an agarose gel surface coating of half of the surfaces. The
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substrate had to be held in an upright position until the agarose gel was
jelled.
For another production process of agarose gel layers we used two ethanol-
cleaned glass slides as casting mould and coverslips as spacer held to-
gether with clamps. The thickness of coverslips is between 130 and 190
µm so that the produced agarose gel layers showed thicknesses in that
range. A drop of heated, liquid solution was given on one of the glass
slides. The coverslips were positioned on the side as spacer and the sec-
ond glass slide was applied. Finally, the clamps were applied all around
the casting mould. All used materials, like the glass slides, the coverslips,
but also the pipette tips had to be preheated because of the fast jelling
time of the agarose. Nevertheless, the production of such a agarose gel
layer required fast working. After the agarose gel layer was jelled, the
clamps were removed and the glass slides carefully disconnected. The
agarose gel was transfered from the glass slide into a petri dish filled
with distilled water.
The agarose gel layers were stained with Fluorescent Microspheres (Fluo-
Spheres, Molecular Probes, Invitrogen). We used red and yellow-green
fluorescent FluoSpheres that contain dyes with excitation and emission
wavelengths of 505/515 nm (yellow-green) and 580/605 nm (red). The
microspheres had a size of 0.2 µm in diameter. The concentration of
the FluoSpheres solution can be chosen dependent on the intensity of
the staining. After a testing phase we decided for a dilution of 1:100 in
PBS. For staining the agarose gel layers, the diluted FluoSpheres solu-
tion was added to the required amount of heated, liquid agarose stock
solution and stirred. Afterwards the agarose solution with FluoSpheres
was contineously processed as described previously above. It must be
pointed out that the agarose gel layers had to be protected against light
influences.
Structuring of the agarose gel layers for coating cell culture substrates
was done manually. First, the gel was transferred from the petri dish
in a petri dish lined with Sylgard 184 (Dow Corning, Midland) filled
with distilled water. The rough structure of the substrate was cut with
a punch. The fine structure of the agarose gel layer was achieved by the
use of glass microelectrodes of different thickness. After the patterning
process the gel layer was transfered to a coverslip.
42
4.2 Material and Methods
The agarose gel was positioned by using a drop of distilled water. Af-
terwards the water was replaced by 70% ethanol for sterilization of the
agarose gel layer. After ethanol was evaporated, the surfaces were rinsed
with sterilized distilled water three times. For a sufficient connection be-
tween coverslip and agarose gel, the layer must be dried after the position
and sterilization process.
4.2.2 Micro-contact printing
Polydimethylsiloxane (PDMS) stamps were fabricated by pouring Syl-
gard 184 onto silicon masters, fabricated by standard lithographic pro-
cedures as described elsewhere (Xia and Whitesides, 1998a), followed by
a 12 h curing step at 65◦C. After master stamp release, a final curing
step was performed for 1h at 110◦C.
For micro-contact printing the stamps were inked by immersion in anti-
HRP (15 µg/ml in PBS) and Con A (0.2 mg/ml) solution, respectively,
for 15 minutes, dried in a stream of compressed-air, and placed onto pre-
treated surfaces for about 45 minutes. After stamp release the surface
had to be rinsed with PBS three times. We used stamps with different
patterns (line- as well as grid-patterns) for the experiments. The pattern-
ing with anti-HRP was visualized by incubation with a Cy3-conjucated
secondary antibody. Visualization of Con A grids was done by using
rhodamine labeled Con A during the printing process.
4.2.3 Animals
Male and female adults of Locusta migratoria were used within one week
after their final moult. Locusts were obtained from a crowded colony
maintained at the Institute of Biology II. The insects were kept under a
constant light/dark cycle of 12/12 h and were fed with wheat seedlings
and wheat bran.
4.2.4 Cell culture
Preparation of primary neuronal cultures of meso- and metathoracic gan-
glia is described in detail in chapter 3.2.5. For the experiments various
amounts of cell supension, that is different cell densities were used in the
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experiments. The cell density was adjusted by the number of animals
pooled during the preparation of cell suspension, the amount of super-
natant discarded, and the amount of the cell suspension plated. The
cultures were maintained at 30◦C in an incubator.
4.2.5 Immunocytochemical staining
The antiserum against HRP (anti-HRP, Sigma-Aldrich) was tested as
surface coating and growth substrate for locust neurons. Anti-HRP is
commonly used as marker for insect neurons. Because neurons grown
on coated subtrates cannot longer be visualized with anti-HRP, other
immunostainigs had to be established. We tested an antibody against
αTubulin (Exbio) as well as NF-H (Neurofilament heavy protein, Exbio)
as marker for insect cells. In both cases a dilution of 1:200 was used.
The cultures were fixed on the substrates with 4% Formaldehyde (FA).
The fixation was followed by an immunocytochemical staining following
the protocol described in Loesel et al. (2006). The monoclonal anti-
bodies anti-αTubulin and anti-NF-H were visualized with Cy2- or Cy3-
conjugated secondary antibodies (Jackson Immuno Research). The sec-
ondary antibodies were used at a dilution of 1:1000. For initial test of the
specific binding of the antibodies to cells, the nuclei of locust cells were
stained with the nuclear marker 4’-6-Diamidino-2-phenylindole (DAPI,
Sigma-Aldrich). To test for the neuron-specific binding of the new anti-
bodies, in some cases double stainings with anti-HRP (dilution 1:10000)
were done. After staining, the substrates were mounted on glass slides
under glass coverslips using Elvanol (mounting medium for fluorescent
stainings) and were analysed with a confocal laser-scanning microscope
(TCS SP2, Leica Microsystems) or a fluorescent microscope (Axiophot
2, Zeiss).
4.3 Results
4.3.1 Non-adhesive coating with agarose gel
Iridium oxide, passivation layer, and glass as control substrate were suc-
cessfully coated with agarose gel. On agarose gel-coated substrates cell
growth of locust neurons was completely inhibited while growth in ad-
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Fig. 10: Agarose gel coating of different surfaces. One half of each substrate -
glass, iridium oxide and passivation layer - was coated with 2% agarose gel. The neuronal
growth of locust neurons on agarose gel coated surfaces was completely inhibited but not
disturbed in adjacent non-modified areas. Scale bars: 100 µm.
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Fig. 11: Agarose gel stained with FluoSpheres. The staining of the agarose gel layers
was done with Fluorescent Microspheres (FluoSpheres). The FluoSpheres contain red (A)
or yellow-green (B) fluorescent dyes.
jacent non-coated areas was not disturbed (Fig. 10). This is true for
the use of agarose gels with concentrations higher than 0.5%. Surfaces
coated with 0.5% agarose gel allowed for neuronal growth of locust neu-
rons, while a 1% coating completely inhibeted cell growth. The border
between the coated and uncoated areas was clearly visible (as indicated
by the red lines in Fig. 10).
By the use of coverslips as spacers during the casting process, we
were able to produce agarose gels with a thickness of around 130 µm to
190 µm in soaked condition routinely. These layers were prepatterned
and subsequently used as cell culture substrate.
To show successful coating, also after an immunocytochemical staining
of the cells, we developed a routinely staining of the agarose gel layers
with FluoSpheres (Fig. 11). The staining of the agarose gel layers was
stable also after a fixation with FA and a further immunocytochemical
staining process (Fig. 12). The staining of agarose gel with yellow-green
FluoSpheres allows for the use of Cy3-conjugated secondary antibodies
while the red FluoSpheres allowed for application of Cy2-labelled sec-
ondary antibodies. Figure 12 shows examples for manually patterned
agarose gel layers positioned on coverslips and afterwards used as cell
culture substrate. The locust neurons were immunostained with anti-
HRP. By the use of the staining, the separation into coated area and
uncoated area became very obvious. Once again it became clear that
neuronal growth in agarose gel coated areas was completely inhibited.
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Fig. 12: Manually patterned agarose gel layer as cell culture substrate. Agarose
gel layers were stained with yellow-green FluoSpheres, manually prepatterned with glass
microelectrodes and applied as cell culture substrates. At DIV 3 the neurons were im-
munostained with anti-HRP (red). The border between coated and uncoated area is clearly
visible. Scale bars: 80 µm.
The neurites of the locust neurons grew along the agarose gel border but
did not pass over.
4.3.2 Adhesive coating with anti-HRP
Beside non-adhesive surface modifications anti-HRP as adhesive coating
was investigated. The antiserum against HRP normally used as specific
marker for insect neurons was successfully applied as coating substance.
anti-HRP substrates were prepared by micro-contact printing. Success-
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Fig. 13: anti-HRP-coating of different substrates. Glass (A), parylene (B), and ONO
layer(C) were successfully patterned with anti-HRP by micro-contact printing. Scale bars:
100 µm.
ful printing of grid patterns of anti-HRP on glass, parylene, and ONO
layer is shown in Figure 13. Figure 14 shows Con A (A, B) and anti-HRP
(C, D) patterns printed on glass surfaces used as cell culture substrates.
It is obvious that the cells grew by chance on the prepatterned anti-HRP
and Con A grids, respectively, as well as on the glass substrate.
4.3.3 Immunocytochemical staining
Locust cells were stained not only with the standard marker for insect
neurons (anti-HRP), but also successfully with the antibodies against
αTubulin as well as NF-H (Fig. 15). Figure 15(a) shows a double stain-
ing with anti-HRP (A1) and anti-αTubulin (A2). The super-imposed
images of (A1) and (A2) are shown in (A3). It is obvious from Fig-
ure 15(a) that, unlike anti-HRP stainings, the anti-αTubulin staining
did not only identify neurons but all cells in culture. Neurons were not
stained in such detail with the anti-αTubulin staining compared to the
anti-HRP staining. The anti-αTubulin antibody marked the cell soma
as well as a part of the neurites (Fig. 15(b)). Immunostainings with
anti-NF-H, exemplary shown in Figures 15(c) and 15(d), visualized the
soma and neurites of the locust neurons. The quality of neuritic staining
was highly variable during different staining experiments (Fig. 15(d)).
Immunocytochemistry with anti-NF-H seemed to lead, like in the case
of anti-αTubulin, to a staining also of non-neuronal cells in locust cell
culture.
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Fig. 14: Locust cells grown on prepatterned substrates. Rhodamine-labeled Con A
(A, B) as well as anti-HRP (visualized with Cy3-conjugated secondary antibody) (C, D)
grids printed on glass surfaces were used as cell culture substrates. Locust cells grew by
chance on the prepatterned protein grids but also on the glass substrate. Scale bars: 100
µm.
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(a) A1: anti-HRP, A2: anti-αTubulin, A3: super-imposed image
(b) B1, B2: anti-αTubulin
(c) C1: anti-HRP, C2: anti-NF-H, C3: super-imposed image
(d) D1, D2, D3: anti-NF-H
Fig. 15: Immunostaining of locust cells in vitro. (a) Double staining with anti-
HRP and the antibody angainst αTubulin. The markers were visualized with secondary
antibodies conjugated with Cy3 (A1) and Cy2 (A2). (b) Anti-αTubulin visualized with a
Cy3-conjugated secondary antibody. (c) Double staining with anti-HRP and anti-NF-H.
The markers were visualized with secondary antibodies conjugated with Cy3 (C1) and Cy2
(C2). (d) Anti-NF-H visualized with secondary antibodies conjugated with Cy3 (D1) or
Cy2 (D2, D3). Scale bars: (a), (c), (d): 40 µm; (b): 20 µm.
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4.4 Discussion
The unselective behavior of the locust neurons concerning the cell cul-
ture substrate they grow on leads to the advantage that the neurons
can grow in direct contact to the electrode surface without the need for
further coating. At the same time this unselective behavior leads to the
problem of neuronal patterning. The challenge in insect cell culture is,
unlike in vertebrate cell cultures, the application of non-adhesive coating
substances in the patterning process to guide neuronal growth. On the
other hand, an adhesive coating of growth surfaces becomes neccessary if
network formation between neurons in culture takes place. Here a fixa-
tion of neurons on electrodes and an enhancement of neuritic outgrowth
by a surface modification could be necessary.
Agarose gel turned out to be the most promising non-adhesive material
for locust neurons, which leads to a chemical as well as topographical
modification of the growth substrate. Agarose is a marine algal polysac-
charide and forms thermally reversible gels. The proposed gel structure
is bundles of associated double helices, and the junction zones consist
of multiple chain aggregation. The physical structure of the gels can
be mainly controlled by using a range of agarose concentrations, which
results in various pore sizes (Lee and Mooney, 2001). Agarose gel was
known from literature as non-adhesive material for vertebrate cells (Nel-
son and Chen, 2002; Moriguchi et al., 2002; Sugio et al., 2004; Moriguchi
et al., 2007; Suzuki and Yasuda, 2007), but was never used before in
locust cell culture. To our knowledge, the only other known chemical
non-adhesive surface modification in insect cell cultures was done by
coating with Star-PEG (Reska et al., 2008). The disadvantage of Star-
PEG coating is the missing reproducibility of the coating layers and the
difficult handling on MEA surfaces. Agarose has different advantages. It
is easy to reproduce agarose gel layers of the same quality, the neuronal
growth is completely inhibited on the coated surfaces but not disturbed
in adjacent areas, and it is comparatively cheap. Agarose gel shows
disadvantages in patterning compared to proteins because a technique
like microcontact printing is not applicable in the standard fashion with
agarose solution. However in literatur some suggestions can be found
how agarose gels can be patterned routinely. Moriguchi et al. (2002)
used a molding process to produce microchambers in an agarose layer
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and furthermore during photo-thermal etching microchannels connect-
ing the microchambers were produced by an infrared laser. Suzuki et al.
(2004) coated an electrode layer with an agarose layer and afterwards a
portion of the layer was etched by spot heating using an infrared laser
to form microchambers as well as microchannels. Nelson et al. (2003)
used microfluidics to pattern agarose substrates. Kang et al. (2009) fab-
ricated agarose gel based micrometer-sized wells an a MEA surface using
micro-molding in capillary (MIMIC) method. Cheng et al. (2007) fabri-
cated structures with agarose using a standard molding process.
During the courses of our experiments we also tried other chemical sur-
face modifications to find a suitable non-adhesive treatment with the ba-
sic aim that the modifications were applicable on MEA surfaces. Bovine
serum albumine, known as a non-adhesive coating protein from verte-
brate cultures (Branch et al., 2000; Ostuni et al., 2000; Thompson and
Buettner, 2001; Gustavsson et al., 2007), did not impede growth of the lo-
cust cells in most cases independent of the concentration. From hypotha-
lamic mouse neurons it was known that the growth on hydrophobic mod-
ified gold surfaces was prevented, while the growth on hydrophilic areas
was promoted (Jing et al., 2007). Therefore we tested such surface mod-
ification also for locust cells by modifying surfaces with self-assembled
monolayers (SAMs). Following the protocol from Jing et al. (2007), hy-
drophobic SAMs derived from 1-hexadecanethiol (HDT, Sigma-Aldrich)
were formed on gold and hydrophilic SAMs derived from (3-trimethoxysi-
lyl propyl)-diethylenetriamine (DETA, Sigma-Aldrich) were coated on
silicon dioxide surfaces. In case of comparable results to the study with
mouse neurons we thought to modify the MEA surfaces to allow for this
modifications. But, in locust cell cultures we observed, that the neurons
grew in a wide range of hydrophilic as well as hydrophobic surfaces sim-
ilarly. Polylysine which is presumed to promote vertebrate cell growth
and is used as a standard coating substance (Yavin, 1974; Kleinfeld et al.,
1988; Ignatius et al., 1998; Branch et al., 2000; Moriguchi et al., 2007),
but also as an adhesive coating substance in experiments with snail cell
cultures (Jenkner et al., 2001; Claverol-Tinture´ et al., 2007), led to a
disturbance of neuronal growth in locust cell culture. A comparable dis-
turbance could also be observed in cell cultures on strongly hydrophilised
surfaces. The outcome of this is that insect but especially locust neurons
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behave different from vertebrate cells and the growth substrate in cell
culture has to be chosen accordingly.
As mentioned before also an adhesive coating could be useful in locust
cell culture. Although the coating is not essential for neuronal adhesion
and outgrowth, anti-HRP coating could, first, fixate the neurons on the
electrode surfaces and provide a pathway for neuritic growth. In case of
an adhesive coating substance a more neuron-specific binding especially
on the electrode surface would be preferable. Therefore the coating with
the antiserum against a specific surface protein, anti-HRP, was examined
in this context. Jan and Jan (1982) originally described that antisera
against the plant glycoprotein HRP can specifically stain all neurons in
Drosophila and grasshopper. Anti-HRP antibodies can stain the entire
neuronal surface even at early stages of nervous system development in
intact organisms, making these antibodies useful for tracing neural path-
ways (Caudy and Bentley, 1986; Snow et al., 1987; Katz et al., 1988).
It is supposed that the antibody binds to surface structures of neuronal
membranes (Jan and Jan, 1982) by recognising a carbohydrate struc-
ture (Katz et al., 1988). A complex set of up to 20 glycoproteins that
reacted with anti-HRP antisera was revealed (Snow et al., 1987; Katz
et al., 1988). The carbohydrate structure is likely to resemble the carbo-
hydrate of HRP (Kurosaka et al., 1991). An anti-HRP reactive protein,
which is likely to be one of the major contributors of neuronal anti-HRP
staining in Drosophila, was termed Nervana (for nerve antigen) (Sun
and Salvaterra, 1995a). The existence of two separate gene products
called Nrv1 and Nrv2.1/2.2 is documented (Sun and Salvaterra, 1995b).
However, anti-HRP antisera used as surface coating selectively binds the
membranes of neuronal cells but not of other cells in culture. Thus, we
were interested in the ability of anti-HRP coating to fixate and retain the
neurons on certain positions, i.e. on electrode surfaces. This would be a
possibility to prevent the migration of neurons from primary positions as
a result of neurite contraction during network formation (Sorkin et al.,
2006). Anava et al. (2009) show a scheme of synaptogenesis in which ten-
sion, which is formed along the branch as the neuritic connections are
established, is jointly responsible for the approximation of the connected
cells. In this context, a surface modification with carbon nanotubes is
described as sufficient for immobilisation of locust neurons, in this case
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Schistocerca gregaria. Furthermore, tension is essential for the stabilisa-
tion of certain axon branches while causing retraction or elimination of
axon collaterals (Anava et al., 2009). The tension is maintained through
the attachment of the growth cone to to the neurites of a target neuron,
but also to the substrate. Consequently, a sufficient neuron-adhesive
surface coating could not only fixate neurons but also guide the neurite
outgrowth as result of chemical as well as mechanical cues. Our results
are encouraging, i.e. we showed successful printing of anti-HRP on dif-
ferent substrates and promising use of coated substrates in cell culture
with comparable results to Con A coating. Fig. 14 shows the necessity
of a non-adhesive coating, because a guided growth of locust neurons is
not able with just an adhesive coating. In other words, the suitability
of the anti-HRP coating can be stressed in a final experiment given that
the non-adhesive agarose patterns can be reproduced serially.
The use of anti-HRP for adhesive coating means that it can no longer
be used to stain cells and neurites at the same time. Therefore we
established an alternative staining procedure for the neurons with an
antibody against αTubulin for routine use. The αTubulin is a globular
protein that exists in cells as part of soluble alpha/beta-tubulin dimer or
it is polymerized into microtubules. As expected, in locust cell culture
neuronal as well as non-neuronal cells were stained with anti-αTubulin.
The missing precision in neuritic details compared to the specific neu-
ronal staining may lead to the problem that connections between neurons
can’t be visualized in immunocytochemical stainings. Further investiga-
tions have to show if combinations with other antibodies are neccessary.
While the anti-NF-H in vertebrates is used to stain the heavy protein of
the neurofilament which is expressed almost exclusively in neuronal cells,
and in those cells most prominently in large axons, we found a staining
of locust neurons as well as non-neuronal locust cells in culture with the
NF-H antibody. Immunostaining with anti-NF-H led to a staining of
somata as well as neurites of neuronal cells, so that the antibody can
be used for our purpose. It has to be pointed out that the variations in
neuritic stainings between different experimental runs could make rou-
tinely application a little bit difficult.
Anti-αTubulin as well as anti-NF-H stainings offer the possibility to gain
insight in the morphology of non-neuronal cells present in culture. The
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standard method to differentiate between neurons and non-neuronal cells
in vitro is the double staining with anti-HRP to stain the neurons and
DAPI to stain the nuclei of all cells (Loesel et al., 2006). By this method
only the number of non-neuronal cells but nothing about their morphol-
ogy can be investigated. To our knowledge, the only fluorescent staining
of glia cells in locust cell culture was done by Gocht et al. (2009) with
Phalloidin. We were not able to find comparable morphologies of cells
described as glia cells in this study in our cultures. This may be due to
a narrow time frame for investigations of glia cells in vitro only at the
beginning of the culturing time or due to differences in culture condi-
tions. More detailed information about non-neuronal cells in locust cell
culture would be helpful to get a better morphological understanding of
neuron-glia interactions in vitro especially to examine the contact be-
tween neurons and electrode surfaces.
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5 Low density cell culture of locust neurons in
closed-channel microfluidic devices
5.1 Introduction
Locusts are favourite laboratory insects to study neuroethological prob-
lems, the function of the neuroendocrine system, and the function of
sensory systems. Apart from the wish to gain insight into fundamental
principles of how the nervous system generates behaviour, locust research
was also motivated by the wish to understand the causes for phase dif-
ferentiation in this notorious pest (Pener, 1991; Pener and Yerushalmi,
1998; Simpson and Sword, 2008). Although we have acquired a host
of knowledge about the locust nervous system (for review see Burrows
(1996)), it appears that we are still quite far distant from understanding
this ”’simple”’ nervous system. Perhaps the most recent example for the
complexity of locust behavior are the experiments reported by Niven
et al. (2010) about the visual control of walking in locusts.
Many attempts have been made to reduce this complexity during ex-
perimental procedures (e. g. semi-intact preparations, isolated ganglia).
Perhaps the most radical simplification is the use of cell culture systems.
Here neurons can be studied under controlled conditions and in isolation
from the many uncontrollable influences present in the natural situa-
tion. Since the first studies of adult and nymphal locust neurons (Giles
and Usherwood, 1985b,a) numerous studies investigated locust cells in
cell culture. Most of the studies carried out with locust neurons (and
those using neurons of other insects) concentrate on the optimization of
culture media, growth and morphology of the cultured neurons, ionic
currents present in the somata of cultured cells, and the pharmacology
of receptors for transmitters and other neuroactive compounds (for re-
view see Beadle (2006)) (Pfahlert and Lakes-Harlan, 2008; Heck et al.,
2009). Only in recent times attempts were made to re-establish func-
tional neuronal networks in vitro (Shefi et al., 2002, 2005; Anava et al.,
2009). Perhaps this is due to technical advances such as the development
of multielectrode arrays (MEAs) that in principle allow simultaneous
recording from a large number of neurons over long time spans (Fuchs
et al., 2007; Greenbaum et al., 2009). This cannot be achieved in the
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intact nervous system with the standard neurophysiological techniques.
However, there are still many problems to be solved to achieve the goal
to reconstruct a defined network of interconnected neurons in an in vitro
system.
Neurons in vivo exist in microenvironments consisting of three dimen-
sional cell assemblies. Such microenvironments share several qualities:
short distances between neurons and glial cells, continuous nutrient sup-
ply and waste removal, and a permanent communication between cells.
This in vivo situation is not well mimicked in present in vitro cell culture
systems. The macroscale in vitro cellular environment is characterized
by long distances between individual cells, a low surface area to volume
ratio (SAV), and the cell volume/ medium volume is much smaller than
1. The latter points lead not only to a modified nutrient and disposal sit-
uation for the cells but also to an attenuation of cues sent from adjacent
cells. Such cues, however, play an important role in, first, the devel-
opment of neuron morphology and the formation of neuronal networks,
and, second, in communication processes between neurons in established
networks. To overcome the discrepancies between in vivo and in vitro
conditions, microfluidic channel systems become more and more estab-
lished as research tool in many laboratories. Closed-channel microfluidic
devices offer a more in vivo-like microenvironment by providing a mi-
croscale in vitro environment with a large SAV and the cell volume/
medium volume is close to 1. Channel systems with the decreased vol-
ume size offer the ability to define and manipulate the environment of
cells because volume size is greatly reduced in comparison to culture
dishes.
Microfluidic systems are applied in different approaches. Multicompart-
ment systems can be designed for the isolation of somata and neurites.
This was first described by Campenot (1977, 1987) and later repeated in
modified ways (Ivins et al., 1998; Taylor et al., 2003). There are first tri-
als to cultivate mammalian neurons in low cell densities in such devices,
which would allow for local chemical analysis of single neurons (Millet
et al., 2007). So far, however, it turned out to be difficult to sustain
vertebrate neuronal microcultures in stable form for long times, and the
viability rates of vertebrate neurons in cultures are lower than under
normal in vitro conditions, irrespective of whether the cell densities are
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low (Millet et al., 2007) or high (Taylor et al., 2003). Microfluidic de-
vices were also applied for neurite guiding, which is useful in combination
with planar multielectrode arrays. For example, the channels offer the
ability to guide neurites directly onto electrodes and thus enhance the
chance to record neuritic signals (Dworak and Wheeler, 2009). Single
neuron patterning and recordings of extracellular potentials from snail
neurons were demonstrated in a study of Claverol-Tinture et al. (2005).
In the last two studies open-channel microfluidic devices for cell pattern-
ing were used which, in contrast to closed-channel devices, allow for the
continuous exchange of metabolites with a large medium reservoir. But
open-channel devices allow neurons to grow out of the channels which
impedes guiding of neurites (Millet et al., 2007; Dworak and Wheeler,
2009).
Insect neurons represent a promising alternative to vertebrate cells for
the construction of defined small networks in vitro for several reasons.
Insect neurons are large. In locusts the diameter of many neuron somata
ranges from 30 to 40 µm, some somata are as large as 90-100 µm. This
allows a close fit of single neurons to individual electrodes on MEAs such
that the neuron is able to completely isolate the electrode from the sur-
rounding medium. Second, insect neurons are relatively undemanding
with respect to cell culture conditions. Third, and most important for
the construction of small, manageable networks, insect neurons can grow
in vitro at very low cell densities (Kirchhof and Bicker, 1992).
As described above, closed-channel microfluidic devices provide a culture
situation suitable to exert external influences on the cells and manipu-
late their microenvironment. As a first step for the future development
of biohybrid systems consisting of small neuronal networks on MEAs
combined with long and closed microfluidic channels we were interested
to find out whether locust neurons thrive in such devices or not. This
principle question has to be answered before venturing into the design
of more complex systems for guiding outgrowing neurites or studying
cellular microenvironments. In this context we first of all had to test
whether PDMS, the material used for such microsystems, is biocompati-
ble to locust neurons, since (i) insect neurons differ considerably in their
adhesive properties from vertebrate cells (Beadle, 2006) (see also chapter
3), and (ii) it has been shown that a particular material may exert quite
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different influences on different cell types (see chapter 3) and (iii) possi-
ble negative influences of PDMS on insect neurons have not previously
been investigated in a systematic fashion.
5.2 Material and Methods
5.2.1 Microfluidic devices
Figure 16 shows the channel design in detail. A device consisted of seven
parallel microchannels, each 10.0 mm long and 0.2 mm high. The widths
of the microchannels were 0.2 mm, 0.4 mm, 0.6 mm, 0.8 mm, 1.0 mm,
1.5 mm, and 2.0 mm. Table 4 shows the corresponding channel volumes.
The circular wells at each end of the channels had a diameter of 3.0 mm
(Fig. 16(b)). The wells with a capacity of about 28 µl served as medium
reservoir. The PDMS device was reversibly connected to a glass slide
by pressing the PDMS device onto the slide. The seal between the two
materials was sufficient to keep cell suspension and medium within the
channels and no leakage was ever observed. The reversibility of the con-
nection, however, greatly facilitated cleaning, coating as well as staining
procedures (described below). The microchannel devices were fabricated
in polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) with soft
lithographic techniques, using a photoresist (SU-8) master created by
photolithography (Xia and Whitesides, 1998b; McDonald and White-
sides, 2002; Klammer et al., 2006). For the fabrication of the master,
silicon wafers were spin-coated with UV-curable epoxy based photoresist
SU-8 (SU-8 2150, Microchem Corp.). The resist thickness was set to the
desired channel height of 200 µm using a RC-8 (Suess) spin coater (500
rpm, 100 rpm/ s, 5s; 2500 rpm, 1000 rpm/s, 15 s). A soft bake of the re-
sist layer was carried out at 95◦C for 30 minutes with a heating ramp of
8◦C/ min to 65◦C and 3◦C/ min to the final bake temperature, followed
by a cool down to room temperature with a cooling ramp of 0.5◦C/ min.
The wafer was exposed to UV light through a screen mask containing
the microchannel structures using a MA-6 mask aligner (Suess) with a
dose of 360 J/ cm2 (365 nm i-line). The mask was made using a printer
with a resolution of 1200 dpi. The post exposure bake was carried out
at 95◦C for 10 min with a heating ramp of 4◦C/ min to 65◦C, hold-
ing temperature for 10 min, and 3◦C/ min to the final temperature of
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95◦C. The cooling ramp was 1.2◦C/ min down to 60◦C, holding time 5
min, and 0.3◦C/ min until room temperature to avoid tension induced
cracking of the resin layer. Following that, the SU-8 master was devel-
oped for 15 min in mr-DEV 600 (micro resist technology) and rinsed
with isopropanol. Prior to the soft lithographic casting of PDMS a hard
bake process step was done to stabilize the resist. The PDMS was pre-
pared with a ratio of 10:1, stirred and desiccated to remove air bubbles.
This mixture was casted onto the master and cured for 1 h at 80◦C.
After curing, the PDMS was allowed to cool down to room temperature
and removed from the master by slow peeling. The PDMS devices were
trimmed to size and a 3 mm punch was used to cut holes through the
PDMS to access the channels. Before the microfluidic systems were used
in cell culture, new and re-used devices had to undergo a short cleaning
procedure for sterilizing them. They were rinsed with ethanol followed
by distilled water for 3 minutes each in an ultrasonic bath and after-
wards air-dried under a laminar flow. The microfluidic devices on the
glass slides, uncoated and coated, were maintained in culture dishes.
Tab. 4: Channel volumes. The microchannels were 10.0 mm long and 0.2 mm high.
Channel
Width [nm] Volume [µl]
0.2 0.4
0.4 0.8
0.6 1.2
0.8 1.6
1.0 2.0
1.5 3.0
2.0 4.0
5.2.2 Surface modification
In some experiments PDMS and glass surfaces were modified by coat-
ing with Con A (Sigma-Aldrich). Con A was dissolved in phosphate-
buffered saline (PBS) to get a final concentration of 0.2 mg/ ml. During
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(a) A
(b) B
Fig. 16: Design of incubation chamber. (a) 3D view of microfluidic device, consisting
of the PDMS chamber system mounted on a glass slide. (b) Schematic drawing of the
chamber system in top view and cross-section.
the coating procedure the surfaces were completely covered by the Con
A solution. The samples were incubated for 2 hours at room temper-
ature and afterwards rinsed three times with sterilized PBS. Coating
of PDMS was shown by micro-contact printing rhodamin-labeled-con
A. PDMS stamps were fabricated by pouring Sylgard 184 onto silicon
masters (fabricated by standard lithographic procedures as described
elsewhere (Xia and Whitesides, 1998a) followed by a 12 h curing step
at 65◦C. Final curing, after master stamp release, was performed for 1h
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at 110◦C. For micro-contact printing the stamps with line pattern were
inked by immersion in rhodamin-labeled-Con A solution (0.2 mg/ ml in
PBS) for 15 minutes, dried in a stream of compressed-air, and placed
onto a pretreated PDMS surface (PDMS lined culture dish) for about
45 minutes. After stamp release the surface had to be rinsed with PBS
three times.
5.2.3 Animals
Male and female adults of Locusta migratoria were used within one week
after their final moult. Locusts were obtained from a crowded colony
maintained at our institute. The insects were kept under a constant
light/dark cycle of 12/12 h and were fed with wheat seedlings and wheat
bran.
5.2.4 Cell culture
Primary neuronal cultures were prepared from meso- and metathoracic
ganglia. The preparation has been described in detail elsewhere in chap-
ter 3.2.5 and is only briefly outlined here. Ganglia were dissected in
modified Leibovitz L-15 cell culture medium (Sigma-Aldrich) and the
perineurium was removed. Cells were dissociated enzymatically by treat-
ment with dispase (Invitrogen) solution (2mg/ ml in Hank’s balanced salt
solution, Sigma-Aldrich) and subsequently mechanically dissociated. Af-
ter centrifugation, the dispase solution was displaced by fresh cell culture
medium and the cells were resuspended. Afterwards a further centrifuga-
tion step followed. A defined amount of supernatant was discarded and
the cells were resuspended in the reduced volume of cell culture medium.
The amount of residual medium determined the density of cells. For the
biocompatibility measurements, the cells were resuspended in 500 µl cell
culture medium, for low density cultures in microchannels the cells were
resuspended in 200 µl medium, and for high density cultures in 75 µl.
For biocompatibility experiments cell suspensions of two, for experiments
with microfluidic devices cell suspensions of four or eight (in case of high
density cultures) insects were pooled.
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5.2.5 Filling technique
For channel perfusion a defined volume of 80 µl cell suspension was
introduced using a pump with the speed set to 0.5 ml/ min (Variable-
Speed Pump, Control Company). Cell suspension was placed in the
well at one end of the channel and sucked through the channel until it
reached the well at the other end. After filling, a drop of fresh cell culture
medium was placed into each well. In case of evaporation, the well was
filled up with medium. The cells were maintained in the closed-channel
devices under static-bath culture conditions in an incubator at 30◦C.
5.2.6 Immunocytochemical staining
For a detailed analysis of cell morphologies the neurons were visualized
using immunocytochemistry. Before staining procedure the chamber de-
vices were carefully removed from the glass slides and the cultures were
fixed with 4% formaldehyde (FA). An antiserum against HRP (Sigma-
Aldrich) served as a marker specific for insect neurons and was visualized
with a Cy3-conjugated secondary antibody (Jackson Immuno Research)
(Loesel et al., 2006). After staining, cells were mounted in Elvanol and
analysed with a confocal laser-scanning microscope (TCS SP2, Leica
Microsystems).
5.2.7 Biocompatibility
Analysis of cell cultures on PDMS was carried out according to the
recommendations of the EU biocompatibility norm [EN ISO 10993-5].
Biocompatibility was assessed by culturing locust neurons on PDMS sur-
faces, on culture dish surfaces with an indirect contact to PDMS, and on
PDMS surfaces modified by coating with Con A. In samples with direct
PDMS contact cells were cultivated in culture dishes lined with a PDMS
film. Indirect contact was realized by removing this PDMS in one half of
the dish and cultivating the cells on the culture dish surface adjacent to
the remaining half of the PDMS film. For modification PDMS surfaces
were coated with Con A as described above (compare 2.2). As nega-
tive control substrate customary culture dishes were used. Before use
all substrates were sterilized with 80% ethanol, washed with sterilized,
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distilled water, and air-dried in a laminar airflow. For biocompatibility
experiments 100 µl cell suspension was plated on a defined areal of 1
cm2 on each substrate. Cells were allowed to adhere to the surface for
about one hour before 3 ml cell culture medium, were added. The cell
culture medium was not refreshed over the time period of 10 days. The
cultures were maintained at 30◦C in an incubator. Since the cell density
was variable, plating a defined number of cells was not possible. The
total number of cells as well as the number of all cells with neurites were
determined at the first, third, sixth, eighth, and tenth day in vitro by
observation with a phase-contrast microscope (Olympus CKX41). Be-
fore that the morphological difference between live and dead cells was
investigated by trypan blue staining. Therefore we were sure to only
include live cells into the evaluation. The experiments were repeated
three times and the data pooled for analysis (Fig. 17 and Tab. 5).
5.2.8 Cleaning and re-usage of microfluidic devices
For cleaning the PDMS device and the glass slide were disconnected.
Both components were treated with ethanol to kill residual cells, fol-
lowed by a cleaning step with distilled water. Afterwards they were
rinsed in Tergazyme (Sigma-Aldrich) solution (1%, freshly prepared)
overnight at 4◦C. The solution was replaced by fresh Tergazyme solution
on the following day and again incubated overnight. This was followed
by overnight immersion in distilled water and subsequent air-drying.
5.3 Results
5.3.1 Biocompatibility
To ensure that PDMS is non-toxic and biocompatible to locust neu-
rons, we first performed a biocompatibility study over a period of 10
days in vitro (Fig. 17). Neuronal cell growth on non-modified PDMS
was highly restricted for locust neurons. This is not only shown by the
quantitative results (Fig. 17), but also by the qualitative observations
that outgrowth of neurites was also reduced (data not shown). Con A
coating (for successful coating of PDMS see Fig. 17, inset) improved
cell growth on PDMS surfaces but the absolute cell numbers were still
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Tab. 5: Statistical analysis of biocompatibility. The results of the biocompatibil-
ity measurements were tested by an analysis of variance (ANOVA) and subsequently by
Tukey’s test.
Cells Cells, Neurites, Neurites,
DIV1 DIV10 DIV1 DIV10
ANOVA df 3 3 3 3
F 76 134.7 39.4 109.3
p <0.0001 <0.0001 <0.0001 <0.0001
Tukey Control - 0.001 0.001 0.001 0.001
(p<x) PDMS
Control - 0.001 0.001 0.01 0.001
PDMS,
Con A-coated
Control - 0.01 0.01 0.05 n.s.
PDMS,
indirect
PDMS, 0.01 n.s. 0.01 n.s.
Con A-coated -
PDMS
PDMS, 0.01 0.001 n.s. 0.001
Con A-coated -
PDMS,
indirect
PDMS, 0.001 0.001 0.001 0.001
indirect -
PDMS
clearly lower than control values. The negative influence of PDMS on
cell growth thus seemed not completely reversed by Con A coating. Cell
cultures with indirect contact to PDMS were similar to the control cul-
tures in culture dishes but never achieved the same cell numbers (Fig.
17). Qualitatively, the morphology of the cells on control surfaces, on
Con A-coated PDMS and in cultures with indirect PDMS contact was
comparable.
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Fig. 17: Biocompatibility of locust neurons and PDMS. Histogram showing total
cell numbers (solid bars) as well as the numbers of neurons with neurites (shaded portion
of bars) on different test substrates. Samples were counted after 1, 3, 6, 8, and 10 days in
vitro (DIV). Data were pooled from three statistically independent series of experiments,
calculated mean values with corresponding standard deviations are shown. Inset: lines of
rhodamin-labeled-Con A on PDMS produced by micro-contact printing. Scale bar: 50 µm.
5.3.2 Microfluidic devices
In all seven channel types used here locust neurons could be cultured
under static-bath conditions for more than 15 days. Throughout all
experiments most cells were found in the widest and the fewest in the
narrowest channel. This is most likely due to differences in fluid velocity
during the filling procedure. We found high cell densities at the bottom
of the filling wells of all channels. Within the channels, cell densities of
up to 20 neurons/ channel were in no case exceeded, in some cases only
one cell per channel was observed. Inside the widest channel (2.0 mm
wide, 10 mm long) the outgrowth of a single neuron was observed over
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Fig. 18: Locust neurons grown in PDMS channels. The neurons were fixed at
DIV 6, marked with anti-HRP, and visualized with a Cy3-conjucated secondary antibody.
Channel walls are indicated by dashed lines. (A) The image shows three neurons grown in
a channel of 0.4 mm width. Two neurons form extensive neuritic fields, one neuron shows
no outgrowth (arrow). (B) A neuron in the smallest channel of 0.2 mm width which orients
its primary neurite parallel to the channel wall. (C and E) Expanded views of neurons
shown in A and B (as indicated by the dashed boxes. (F) A group of neurons indicating
that in principle the formation of connections between cells are possible even at low cell
densities used here. (G) For comparison: locust neuron grown in a non-modified culture
dish under standard cell culture conditions. Scale bars: 40 µm.
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several days which would correspond to a cell density of 5 cells/ cm2.
Neuronal development in the microchannels was characterized by direct
observation of living cells using phase-contrast microscopy, or evaluation
of fixed and stained cells using confocal laser-scanning microscopy. As
in standard cultures in Petri dishes the cells formed neurites from the
first day on, and most formed multipolar morphologies (Fig. 18). Quali-
tatively, the morphologies of neurons grown inside the channels in small
volumes of cell culture medium (Fig. 18 (c)-(f)) and neurons grown in
culture dishes under standard conditions were comparable (Fig. 18 (g)).
A few cells, however, appeared to orient their neurites in parallel to the
channel walls (Fig. 18 (b), (e)). Despite the negative effect of PDMS
on cell adhesion (described above), occasionally neurons were also ob-
served to adhere to the channel walls. Thus, the coating with Con A
of all channel surfaces provided a 3D microenvironment for cell growth.
Within the channels the cells survive at very low density (Fig. 18), but
densities can be increased (to about 200 cells within the largest channel;
Fig. 19) such that neurons grow close enough to each other to establish
functional contacts.
5.4 Discussion
5.4.1 Biocompatibility
PDMS is particularly suited as material for microfluidic devices, be-
cause it is inexpensive, optically transparent, amenable for micromold-
ing, and has excellent O2 and CO2 permeability (McDonald and White-
sides, 2002). It has been shown that it is non-toxic and biocompatible
to several cell types (Lee et al., 2004b). We investigated the influence
of PDMS on locust neurons with direct and indirect contact, and after
coating with Con A, the standard coating substance for insect cell cul-
ture. It was shown previously to positively influence adhesion of somata
and to support neuronal outgrowth of locust neurons (Shefi et al., 2002;
Fuchs et al., 2007; Pfahlert and Lakes-Harlan, 2008). Due to our results
we have to regard the biocompatibility of non-modified PDMS to locust
neurons as restricted. However, we exclude any direct or indirect cyto-
toxic effect on locust cells. Because the behavior and growth of the cells
is similar in all situations, we interpret the reduction in cell numbers
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Fig. 19: Locust neurons grown in PDMS channels at high cell density. Neurons
were fixed at DIV 2 and subsequently treated as the ones shown in Figure 3. Channel
walls are indicated by dashed lines. (A) Overview of part of a 2 mm channel containing
neurons with various morphologies at much higher density as compared to Figure 3 A and
B. (B and C) show pairs of neurons at close contact with each other. Scale bars: (A) 80
µm, (B and C) 40 µm.
as due to a much reduced initial adhesion of cells on untreated PDMS,
which is most likely due to its high hydrophobicity (contact angle about
110◦). In our microfluidic devices, the insect cells grew on glass slides,
which, as substrate for cell culture, are comparable to cell culture dishes,
with indirect contact to PDMS (Fig. 17). However, as an attempt to
optimize cell culture conditions we decided to coat both glass slides and
PDMS chamber system with Con A.
5.4.2 Growth in microfluidic devices
To our knowledge, the only previous study using insect cells in microflu-
idic channels is that of Walker et al. (2002). In this study a cell line of
ovary cells (Sf9) from the fall armyworm was used. Here we show that
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insect nerve cells can also be cultured in such devices. Locust neurons
survive and grow for at least 2 weeks in 10 mm long channels (chan-
nel length is the most critical factor for diffusion within such closed-
channels). In a first study using vertebrate neurons (Millet et al., 2007)
showed that closed-channels only half that long could not sustain rat pri-
mary hippocampal neurons under static-bath conditions for more than
48 hours. Using special treatments for curing PDMS and by adding a
perfusion system (Millet et al., 2007) were able to extend this period to
11 days.
The use of microfluidic devices in in vitro experiments requires a design
suitable to the cell type used. Designs useful for small mammalian neu-
rons are not suitable for the much larger insect neurons. Nevertheless we
designed a similar channel system, which was only adapted to the cell
sizes we used. We regarded the use of such a simple channel system as
suitable to answer the question whether locust neurons are able to thrive
in a closed-channel system. Furthermore the simple design allowed us
to compare different filling techniques. The one described here turned
out to be the most successful and reproducible one for positioning locust
neurons of different sizes into microchannels (Fig. 18 a, b). However,
even with this technique most cells stayed in the filling wells and did not
get translocated into the channels. Three additional filling techniques
did not show satisfactory results. First, the microchannels were tried
to fill passively by diffusion. Second, another pump with a considerably
higher speed (190 ml/min, HLC, BioTech) was used to load the channels
with cell suspension. And third, the cell suspension was injected with a
Teflon tube attached to a syringe into the microfluidic system. Appar-
ently the ability of locust neurons to adhere to surfaces within minutes
played an important role in this context (Kirchhof and Bicker, 1992).
We are currently changing the design of our chambers to solve this prob-
lem. Adhesion at the bottom of the filling wells might be prevented by
either covering these surfaces with uncoated PDMS or by coating it with
a cell-aversive substance such as tenascin (Krull et al., 1994a,b). Due
to the filling problems cell densities in the channels remained quite low,
much lower than in our cultures in Petri dishes. In 35 mm cell culture
dishes containing 12 mm round coverslips we worked with low density
cell cultures in the range of 50 cells/cm2. In high density cell culture
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experiments we found cell densities of about 400-800 cells/cm2. Kirchhof
and Bicker (1992) observed cell densities of 100-1000 cells/culture dish
in their experiments. We found out that higher cell densities (>1000
cells/ cm2) have a negative effect on neuritic outgrowth in our culture
system.
For comparison, in cell cultures of hippocampal neurons of rats low cell
densities was described with 1500-2000 cells/cm2 and high cell densi-
ties with 15,000 cells/cm2 (Bartlett and Banker, 1984a,b). In sandwich
cultures from rat hippocampal neurons cultures with 5000 cells/ cm2
were described as low density (Brewer and Cotman, 1989). Thus our
results again illustrate previous observations that with insect neurons
significantly lower cell densities can be achieved than with vertebrate
cells (Kirchhof and Bicker, 1992; Weigel, 2006; Reska et al., 2008).
Here we demonstrate that locust neurons survive and grow in closed
microfluidic channels at extremely low cell density for at least two weeks
under static-bath conditions. This is an important step towards our
future goal to grow networks of a limited number of locust neurons in
microfluidic chambers with integrated electrode arrays. We are cur-
rently investigating new designs and materials for channels and filling
wells as well as coating strategies to optimise directed outgrowth of neu-
rites. That a few neurons directed their neurites along the channel walls
(Fig. 18 b) indicates that perhaps guiding outgrowth by channel design
(Dworak and Wheeler, 2009) might also be possible with insect neu-
rons. We are also investigating MEA designs using iridium oxide, a very
promising new material for the construction of electrodes for long-term
recording and stimulation (Eick et al., 2009) (see also chapter 3). In the
present study, on purpose, we observed the locust neurons at very low
cell density to elucidate the limits for successful culturing. For establish-
ing small neuronal networks, however, cell densities have to be increased
again so that neighbouring cells can reach each other with their neurites
in order to form functional connections. Our results illustrate that this
is also possible (Fig. 19). Future experiments have to show whether
neurons in close proximity (as shown in Fig. 19 b and c) form functional
synaptic connections under these experimental conditions. That locust
neurons in principle are able to form functional synaptic connections
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in vitro has been demonstrated previously (Weigel et al., 2005; Weigel,
2006) for cells maintained in culture dishes. Future work aims at the
integration of all these different approaches for the development of bio-
hybrid networks consisting of locust neurons and electronic devices.
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6 Locust neurons coupled to iridium oxide elec-
trodes
6.1 Introduction
Multi-electrode arrays (MEAs) were widely used in physiological studies
with cultured neurons (Pine, 1980; Jimbo et al., 1993; Gross et al., 1995;
Maher et al., 1999a; Wagenaar et al., 2004; Tateno et al., 2005; Heer
et al., 2006; Jun et al., 2007; Dworak and Wheeler, 2009; Eick et al.,
2009) and brain slices (Novak and Wheeler, 1988; Egert et al., 2002;
Heuschkel et al., 2002; Frey et al., 2009). The non-invase nature of the
MEA-technology allows for long-term investigation of single cells as well
as network activities in dissociated cell culture and brain slices, respec-
tively, without cell damaging. Planar microelectrodes have been used
for stimulation as well as recording and with special equipment MEAs
provide a means for simultaneous stimulation and recording of a large
number of cells (Jimbo et al., 2003; Hafizovic et al., 2007; Heer et al.,
2007).
In the past several electrode materials were applied for microelectrodes
for stimulation as well as for recording of neuronal activity, such as, for
example, gold (Gross, 1979), platinum (Heuschkel et al., 2002), gold-
plated indium tin oxide (ITO) (Gross et al., 1993), and titanium ni-
tride (TiN) (Egert et al., 1998; Wagenaar et al., 2004). In order to
reduce the electrode impedance, platinum black can be electrochem-
ically deposited on platinum- (Heer et al., 2006), ITO- (Jimbo and
Kawana, 1992; Jimbo et al., 2003), and gold- (Pine, 1980; Novak and
Wheeler, 1988; Regehr et al., 1988; Maher et al., 1999a; Jun et al.,
2007) electrodes. Recently electrically conducting polymers, like PE-
DOT (poly(ethylenedioxythiophene)) (Ludwig et al., 2006; Wilks et al.,
2009), and carbon nanotubes (Wang et al., 2006; Nguyen-Vu et al., 2007;
Keefer et al., 2008; Shein et al., 2009) emerged in the field of electrode
materials. Both show good electrochemical characteristics, but the in-
vestigations of these materials are just at the beginning and need further
examination especially of mechanical stability.
In order to achieve a reliable neuron-electrode contact, it is important
that the electrode material is, first, biocompatible with the used bio-
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logical test system, and, second, has a high charge injection capacity.
At the same time electrochemical reactions during the electrical stim-
ulation must be prevented, while the requirements during acute and
chronic stimulation differ (Merrill et al., 2005). Because iridium oxide
has, in comparison to other electrode materials, like platinum or gold,
low impedance and a higher charge injection capacity, a need for efficient
stimulation microelectrodes, the interest is directed towards this material
for fabrication of electrodes. The low impedance is caused by its porous
surface structure, greatly enhancing the electrode surface area. Iridium
oxide films inject charge via a fast reversible faradaic reaction involving
reduction and oxidation between the Ir3+ and Ir4+ valence states of the
oxide (Slavcheva et al., 2004; Merrill et al., 2005; Cogan, 2008). Irid-
ium oxide is also up to the standard of biocompatibility. Iridium oxide
can be formed by electrochemical activation of iridium metal (AIROF,
activated iridium oxides films) (Cogan, 2008; Gawad et al., 2009) or by
reactive sputtering from iridium metal in an oxidizing plama (SIROF,
sputtered iridium oxide films) (Slavcheva et al., 2004; Wessling et al.,
2006; Cogan et al., 2009).
In literature the use of iridium oxide is documented as functional coating
for implantable stimulation electrodes (Anderson et al., 1989; Weiland
and Anderson, 2000; Harnack et al., 2008; Roessler et al., 2009). Re-
cently, Gawad et al. (2009) did a first study on extracellular recordings
from brain slices with SIROF-electrodes. However, other than in the
context of our project, iridium oxide, in combination with MEAs, did
not have so far been applied for electrophysiological measurements with
dissociated neuronal cell cultures. The first experiments with a biohybrid
system consisting of SIROF-MEAs and dissociated rat cortical neurons
were done in the context of our project by Eick et al. (2009).
In this study we present the first extracellular stimulation experiments
of individual locust neurons from dissociated cell culture with newly de-
signed SIROF-MEAs. Intracellular recordings allowed to record changes
in membrane potential and directly investigate the influences of stimu-
lus parameters on the cell. Less is known about iridium oxide as mate-
rial for stimulation electrodes in dissociated cell cultures, and especially
with insect cultures. Therefore, many choices have to be made during
the designing process of stimulus paradigms. Here, we investigate the
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effect of different stimulus pulse parameters such as amplitude, polar-
ity, and frequency on the stimulation efficiency for voltage-controlled
stimuli. Furthermore, in view to the development of a more complex
biohybrid sytem consisting of a combination of stimulation electrodes
and recording electrodes in a one-to-one ratio as technical component,
and the insect culture system as biological component, we examine the
suitability of different new eletrode designs of iridium oxide electrodes.
6.2 Material and Methods
6.2.1 Electrode design
For the development of an one-to-one combination of stimulation and
recording electrodes, three different designs of planar SIROF electrodes
were constructed. We differentiated between 1) circle-, 2) button, and
3) quad-design (Fig. 20). The design of the stimulation electrodes were
chosen in this way, that in the center opening of every stimulation elec-
trode a recording electrode can be placed. The different designs varied
in shape as well as in surface area. The circle-electrodes had a diame-
ter of 60 µm with a center opening of 40 µm in diameter; this resulted
in an overall surface area of around 1570 µm2. The other two elec-
trode types (button- and quad-design) had a diameter of 100 µm. The
button-electrodes showed a squarish center opening of 17 x 17 µm, which
resulted in an overall surface-area of around 7570 µm2. In contrast the
quad-electrodes had a center opening of 50 µm in diameter and there-
fore a total surface area of around 4390 µm2. In the quad formation it
was possible to control every single electrode and use them separately
for stimulation. The surface area of each single electrode in the quad
formation was around 1100 µm2. MEAs equipped with different designs
of electrodes were used to investigate the suitability of the different de-
signs. It has to be pointed out that every MEA was equipped with only
one type of SIROF-electrodes.
6.2.2 SIROF-MEAs
We used in-house fabricated MEAs with SIROF stimulation electrodes
exclusively. MEAs were fabricated in clean rooms at the Institute of
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Fig. 20: SIROF-MEAs. (A) Completely encapsulated SIROF-MEA. MEA with SIROF-
electrodes in button-design (B), quad-design (D), and circle-design (F) (top-view); scale
bar: 200 µm. Magnification of single electrodes: button- (C), quad- (E), and circle-
electrode (G); scale bar: 50 µm.
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Bio- and Nanosystems 2 (IBN 2) at the Research Center Ju¨lich and at
the Institute of Electrical Engineering 1 (IWE 1) at the RWTH Aachen
University. The MEAs were manufactured using standard silicon tech-
nology as described elsewhere (Krause et al., 2000; Ecken et al., 2003;
Eick et al., 2009).
The 12 and 16, respectively, circular microelectrodes were arranged with
200 µm inter-electrode distance (Fig. 20). The electrodes, contact lines,
and contact pads consisted of a 300 nm gold layer, evaporated on 5“ glass
wafers (Ø125 mm, Borofloat 33, Schott Desag AG). For better adhesion
of the gold layer on glass and with the following isolation layer, it was
sandwiched between two 30 nm titanium layers. A stable passivation
against electrolyte solution was achieved by a stack of 500 nm SiO2, 500
nm Si3N4, and 100 nm SiO2 deposited by a plasma enhanced chemical
vapor deposition (PECVD) process. The openings of the electrodes and
the contact pads were etched with a reactive ion etching technique in
CHF3 athmosphere and the remaining titanium layer was removed from
the top of the electrodes as well as from the contact pads by a wet etch-
ing process using an ammoniumfluoride-mixture.
Before SIROF deposition, a 20 nm titanium layer was deposited on the
electrodes. The amorphous SIROF was deposited by reactive sputter-
ing using a Nordiko NS 2550 top-down magnetron tool (Wessling et al.,
2007). Prior to sputtering, the chamber was evacuated to at least 4 x
10−6 mbar by means of a cryogenic pump. During sputtering, the sys-
tem pump was throttled to a pumping speed of 144 L/s. The working
gas flows to the plasma chamber were held constant at 100 sccm (Ar)
and 10 sccm (O2). A 300 nm functional SIROF layer was deposited on
the titanium layer for enhanced stimulation capabilities.
The single MEA chips with a size of 11 x 11 mm2 were mounted on 24 x
24 mm2 printed circuit board (PCB) carriers with flip chip technology.
The PCB board has a 9 x 9 mm2 opening in the center and gold galva-
nized interconnecting lanes. The electrical contact between the contact
pads on the MEA chip and the carriers was formed by precisely printing
a conductive two-component silver-glue (Epo-Tek H20E-PFC, Polytec
GmbH) on the contact areas on the carrier using a laser perforated foil
in a screen printer (SP-002, Essemtec AG). MEA chips and carriers were
then aligned and glued together using a very precise positioning system
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(Fineplacer 96, Finetech). The gaps between the contacts were filled with
a dielectric two component underfill (Epo-Tek U300, Polytec GmbH) in
order to prevent short-circuits between individual contacts. To form a
cell culture dish two glass rings with inner diameters of 7 and 16 mm
were placed on the chip. The space in-between the two glass rings was
filled with polydimethylsiloxane (PDMS, Sylgard 96-083, Dow Corning).
The silver glue, underfill, and PDMS were cured after each encapsula-
tion step for at least 1 h at 150◦C. The cell culture dish could hold up
a volume of 600 µl cell culture medium. To increase the volume of cell
culture medium during cultivation time we used additional flexible cell
culture chambers out of silicone (flexiPERM, Greiner). These chambers
were positioned around the outer ring of the cell culture chamber of the
chip and stuck to the PCB surface without glue. The additional cham-
bers allow for the use of the standard medium volume of 3 ml. In some
cases the microelectrodes on the MEA were electrochemically activated
by cyclic voltammetry (CV). It was shown in literature (Wessling et al.,
2006; van Ooyen et al., 2009a) that the activation process by CV can
be used to improve the electrochemical properties of the iridium oxide
layers.
6.2.3 Chip cleaning
The MEA chips as well as the flexiPERM-chambers were reusable after a
cleaning procedure. The MEAs could be repeatedly used until damages
of the electrode surfaces as possible consequence of the cleaning proce-
dure are visible or functional damages appeared.
For cleaning, first a 1% Tergazyme solution (Sigma) was freshly pre-
pared. Afterwards the cell culture medium was replaced with the same
volume of Tergazyme solution and incubated at room temperature for 2
to 3 hours. After incubation time the Tergazyme solution was sucked of
and the chip and the flexiPERM chamber were disconnected from each
other. Three rinsing steps in an ultrasonic bath followed, first with dis-
tilled water, second with 70% ethanol and afterwards again with distilled
water. In the last step of the cleaning procedure the devices were dried
by compressed air.
Before reuse in cell culture the flexiPERM-chambers were treated by
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autoclave. Prior to the experiment, the flexiPERM-chambers and the
MEAs were connected with each other. The chambers were filled with
70% ethanol and afterwards rinsed three times with distilled, sterilised
water. This secured the elimination of possible contamination which
resulted from the previous connection step.
6.2.4 Surface modification
The MEA surface was non-modified or pretreated with Con A and an an-
tiserum against HRP, respectively. The coating procedures are described
in detail in chapter 5.2.2. Con A as well as anti-HRP were dissolved in
PBS. Con A was used in a final concentration of 0.2 mg/ml, anti-HRP
in a final concentration of 15 µg/ml. For coating the surface of the MEA
chips were completely covered with the coating solution. The samples
were incubated for 2 h at room temperature and afterwards rinsed with
sterilized PBS three times. This holds true for both coating substances.
6.2.5 Animals
Male and female adults of Locusta migratoria were used within one week
after their final moult. Locusts were obtained from a crowded colony
maintained at the Institute of Biology II. The insects were kept under a
constant light/dark cycle of 12/12 h and were fed with wheat seedlings
and wheat bran.
6.2.6 Cell culture
Preparation of cell cultures is previously described (see chapter 3.2.5).
Dependent on the experiment different cell densities were plated. The
amount of cell suspension were in the range of 40 to 60 µl. The cell
suspension was transferred to the MEA surface. After adhesion time of
about 1 h, 2.5 ml of modified Leibovitz L-15 were added and the cultures
maintained at 30◦C in an incubator.
6.2.7 Electrophysiological measurements
The electrophysiological measurements were done in cell culture medium
(modified Leibovitz L15, see chapter 3.2.5).
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Spikes were detected by intracellular recordings with sharp glass micro-
electrodes. The glass microelectrodes with resistances between 30 to 70
MΩ were filled with potassium chloride (KCl, 2M). A chlorinated sil-
ver wire was used as reference electrode in the bath solution and kept
as ground potential during the measurements. For extracellular stim-
ulation, an in-house fabricated MEA amplifier system was used. The
stimulation software for pulse definition and electrode selection was pro-
grammed in LabVIEW (National Instruments). The user interface of
the stimulation software is shown in Figure 21.
Fig. 21: User interface of the stimulation software. Exemplified electrode number six
of a button- or circle-MEA was turned on. The stimulus duration of a biphasic rectangular
stimulation pulse was 1 ms, the amplitude was set to 900 mV. We chose a delay time of 10
ms. The neuron was stimulated by ”’Single Stimulation”’ which is equivalent to a single
pulse, or by ”’Finite Stimulation”’ to a train of pulses. The number of pulses during each
cycle and the number of cycles have to be set.
In all stimulation experiments biphasic rectangular, voltage-controlled
pulses were used. Unless otherwise noted, the pulse duration was kept
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constant at a value of 1 ms. The measurements were performed at room
temperature.
The effect of different pulse parameters such as amplitude, polarity, and
frequency on the stimulation efficiency was investigated. An overview
of the examined pulse parameters is shown in Figure 22. First of all
the pulse amplitude was analyzed with regard to its impact on the stim-
ulation efficiency. A stimulating system must be both efficacious and
safe. Efficiency of stimulation in this context means the ability to initi-
ate action potentials. Safety has two primary aspects, the tissue being
stimulated and the stimulating electrode itself must not be damaged. Ef-
ficiency requires that the pulse amplitude must exceed a certain thresh-
old. We limited the stimulation amplitude of values not more than ±1.0
V, which can be considered as safe for SIROF (Slavcheva et al., 2004;
Wessling et al., 2006). In this voltage range irreversible electrochemical
reactions at the electrodes and gas evolution by electrolysis is avoided.
Instead of further raising the pulse amplitude of single pulses, the proba-
bilitiy for action potential elicitation can be increased by using trains of
pulses instead. In our study, pulse trains of up to five pulses were used
for the stimulation of individual cells. As described in the literature the
stimulation efficiency can also be influenced by the order of the stimu-
lus polarity within the biphasic stimulus pulse (Wagenaar and Potter,
2004; Eick et al., 2009). Therefore we used pulses with anodal as well as
cathodal phase first in the experiments and compared the results with
each other.
6.3 Results
6.3.1 Electrode design
By the time of starting the electrophysiological measurements only a
limited number of MEAs was available. A number of five chips with
circle-design, five with button- and only one MEA with quad-design
were functional and could be used for measurements.
MEAs with all different design were successful used in cell culture exper-
iments and in all experimental runs neuronal cells were found positioned
on the different electrode types. Experiments on both button- and quad-
electrodes led to succesful stimulation of neuronal cells. However, stim-
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Fig. 22: Schematic of varied pulse parameters. Biphasic rectangular pulses were
used for voltage-controlled stimulation. The influence of pulse-amplitude, -frequency, and
-polarity on the stimulation success were investigated.
ulation using circle electrodes did not succeed.
From our results it seems that two of three electrode designs - button-
and quad-design - turned out to be suitable for stimulation experiments
with locust neurons.
6.3.2 Electrophysiological measurements
The SIROF-MEAs were used for the stimulation of individual locust
neurons, while the membrane potential was simultaneously recorded in-
tracellularly. Extracellular stimulation was successful in several exper-
iments. At constant experimental conditions, there exist a variation in
parameters like fitness of the cell, position on the electrode, and con-
sequential coverage of the electrode, which can not be controlled accu-
rately. In every experiment the number of excitable neurons located on
electrodes was limited. The available time for analyzing the stimulation
varied from cell to cell most likely due to damage caused by the in-
tracellular recording electrode. In all stimulation experiments biphasic,
rectangular, voltage-controlled pulses were used.
The impact of the amplitude as a stimulation pulse parameter was inves-
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tigated first. As expected, all measurements confirmed that increasing
pulse amplitude enhances the success rate. Figure 23 shows an example
of a stimulation experiment of a locust neuron done with a quad elec-
trode with only varying the pulse amplitude. Dependent on the position
of the neuron the stimulation was done with two of the four electrodes
of the quad group. The stimulation was done with a biphasic anodal
phase first rectangular pulse. The amplitude was stepwise increased by
100 mV from 400 mV to 1 V. The onset of the extracellular stimulation
pulse can be seen by the occurrence of stimulation artefacts. Action po-
tentials were elicited for pulses from 700 mV on. It can be clearly seen,
that with increasing pulse amplitude up to 1 V the stimulation efficiency
gradually increased. In this case, we also observed that the action po-
tential latency decreased with increasing pulse amplitude. However, the
threshold values varied from 400 mV to 1 V for individual neurons (Fig.
24(a), 25, 26). Although stimulation was not successful in all cases we
decided to not increase the pulse amplitude of values higher than 1 V to
prevent possible damage of electrodes and cells.
As a second stimulation pulse parameter we investigated the fre-
quency of the stimulus. With the view to increase the stimulation effi-
ciency, the effect of pulse trains was observed. Figure 24 shows a com-
parison between a neuron excited, first, by single stimulation pulses with
increasing amplitude from 700 mV up to 1 V (Fig. 24(a)), and, second,
by trains of three pulses with increasing amplitudes from 700 mV up
to 900 mV (Fig. 24(b)). The stimulation pulses were anodal phase
first pulses. The measured changes in intracellularly membrane poten-
tial show that in case of single pulses an amplitude of 1 V was necessary
for eliciting an action potential. In case of three successive pulses the
depolarisation seemed to add up and an action potential was excited
from 700 mV on. If neurons were not excitable with single pulses, an
increasing of pulse number in high amplitude ranges (900 mV or 1 V) did
also not lead to an excitation. The results suggest that using more than
one stimulation pulse with constant pulse amplitude led to an increase
in stimulation efficiency.
Comment: A repetition of pulse trains of three to four pulses with
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Fig. 23: Effect of varying pulse amplitude on stimulation efficiency. Stimulation
experiments with a biphasic anodal-phase-first rectangular pulse with an amplitude range
from 400 mV to 1 V. The onset of the extracellular stimulation pulse can be seen by the
occurrence of stimulation artefacts. Action potentials were elicited for pulses of 700 mV
or higher. In this case, latency decreased with increasing pulse amplitude.
pulse amplitudes of 900 mV to 1 V could be used to break off sponta-
neous activity of the locust neurons.
We compared the stimulation efficiencies of biphasic pulses with two
possible polarity orders, having either anodal phase first or cathodal
phase first. Figure 25 and 26 show examples of measurements testing
different stimulus polarities. Figure 25 shows the changes in membrane
potential of a neuron stimulated with single pulses with constant ampli-
tudes of 500 mV. The two spike curves resulting from measurements with
two different orientated stimuli fitted nearly exactly. The results did not
provide a clear hint on the dependency between pulse polarity order and
stimulation efficiency. Figure 26 shows also the dependency on stimulus
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(a)
(b)
Fig. 24: Influence of pulse frequency on stimulation effiency. (a) Stimulation
experiment with single biphasic anodal-phase-first pulses with amplitudes from 700 mV
up to 1 V. An action potential was elicited for a stimulation pulse of 1 V. (b) Membrane
potential of a neuron stimulated with a train of three biphasic anodal-phase-first pulses.
The amplitude of the stimulation pulse was increased from 700 mV up to 900 mV. An
action potential occurred from 800 mV on. The inset shows a magnification of the stimulus
pulse. The onset of the extracellular stimulation pulse can be seen by the occurrence of
stimulation artefacts.
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Fig. 25: Effect of pulse-polarity on stimulation efficiency. Membrane potential of
a stimulated neuron during application of two single biphasic pulses with an amplitude
of 500 mV with cathodal- (black trace) and anodal- (green trace) phase-first. For both
stimulation pulse polarities action potentials were elicited. The inset shows a magification
of the stimulation pulses for both polarities. (The excitation of the neuron continued.)
polarity of another neuron’s response. For both anodal phase first and
cathodal phase first stimuli order action potential excitation were ob-
served for amplitudes of 400 mV. Differences in neuronal responses were
found regarding the number of action potentials and the latency. How-
ever, we suggest that both stimulus configurations seemed to be equally
suitable or rather unsuitable for individual neurons.
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Fig. 26: Impact of pulse-polarity on stimulation efficiency. Stimulation experiment
of a neuron with two single biphasic pulses with anodal- (top) and cathodal- (bottom)
phase-first. At the top, the amplitude was increased from 200 mV up to 500 mV. At the
bottom, the neuron was stimulated with pulse amplitudes of 300 mV and 400 mV. For
both stimulation pulse polarities action potentials were elicited from values up to 400 mV.
Differences were seen in latency and number of action potentials. (The excitation of the
neuron continued, top: red trace, bottom: green trace.)
6.4 Discussion
6.4.1 Electrode design
Two new SIROF-electrode designs were successfully applied for extracel-
lular stimulation of individual locust neurons. Both designs offer future
possibility to be combined with a field effect transistor (FET) recording
electrode in a one-to-one ratio.
Successful stimulation experiments were done with button- as well as
quad-electrodes, but we were not able to do measurements with circle-
electrodes. The circle-electrodes were the smallest electrodes regarding
the overall surface area, but the surface area was comparable to the sur-
face area of the single electrodes in the quad formation. The button-
and quad- electrodes showed clearly higher total surface areas, while
the surface area of the button electrode is very clear the highest. The
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main difference between button- and quad-electrodes was the possibility
to turn on and off the single electrodes in quad-groups separately. The
neuron’s position on the electrodes and consequently the coverage of the
electrode varied between the experiments. In most cases only a part
of the electrode surface was covered by the neuron. Due to these ex-
perimental conditions the interface between neuron and circle-electrodes
seem not to be large and tight enough for successful stimulation. The
fact that a successful stimulation was possible with single quad but not
with circle electrodes may be not simple due to the surface area of the
electrodes but the different shape of the electrodes and the possibility
that the neurons were able to cover the single quad electrodes nearly
completely.
With a view to combine the SIROF-MEAs with FETs it may be possible
that the designs are different suitable for application in measurements.
Simultaneous stimulation and recording through a single MEA is very
attractive for the study of input-output relationship but involve techni-
cal difficulties. The stimuli applied are typically in the order of 0.5 V
to 1 V and therefore some orders of magnitude higher than extracellu-
larly recorded action potentials. This most likely will cause stimulation
artifacts that interfere with the recording data. In literature some ideas
can be found to circumvent this problem. Jimbo and Kawana (1992) and
Grumet et al. (2000) separated stimulation and recording site physically.
Another possibility can be found in the work of Maher et al. (1999b) who
used stimulation by electrodes and an optical recording method to avoid
crosstalk. The smaller the distance between the SIROF stimulation elec-
trode and the FET recording electrode the more problems we may have
with interferences between the signals. The FET recording electrodes
will have a size of 12 x 4 µm. Therefore the small inner square opening
of the button-electrodes with an area of only 17 x 17 µm may be not
well suitable for electrophysiological measurements. However, a minor
modification of the opening in the center with only a minor decrease in
electrode surface area (cf. quad-electrode with center opening of Ø 50
µm) would be sufficient to solve such a possible problem without loss of
suitability of stimulation characteristics.
However, we decided for a preferably simple design of the MEA chips.
The quad-design were chosen to enable a stimulation also by electric
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fields. Many problems need to be solved in the development process of
such a new biohybrid system. Therefore, single components should be
more elementary and as possible less susceptible to interferences. Irid-
ium oxide, we used as material for stimulation electrodes, was within
the framework of our project the first time characterised for surface ar-
eas lower than Ø 100 µm (van Ooyen et al., 2009b). Therefore, the
design was chosen in view of best suitability for the locust neurons and
technical possibilities in production and characterisation process of the
electrodes. However, during the designing process of the electrodes we
never loss track of the final aim, that is the development of a biohybrid
system consisting of stimulation and recording electrodes on one chip
(technical part).
6.4.2 Electrophysiological measurements
In combination with intracellular recordings, experiments with different
neurons provided general tendencies for the influence of the investigated
parameters on the stimulation efficiency. The limited number of neu-
rons located on the electrodes was a consequence of plating the cells on
the MEA surface by chance and not by a directed positioning process.
Due to that random process and the fact that the 12 (quad-design) or
16 (button-design) microelectrodes covered only a small part (around
1/700 or 1/300) of the chip surface many of the cells grew not on the
electrode surfaces. However, the cell density on the MEA surface was
comparable to the density in standard cell culture dishes populated with
the same volume of cell suspension. The limited number of excitable
neurons in every culture can be explained due to the fact that Locusta
neurons in vitro can be described according to their electrophysiologi-
cal response not only as axon-, and soma-spiker but also as non-spiker
(Burrows, 1996).
We used rectangular charge balanced biphasic stimuli in our experiments.
Charge balanced biphasic pulsing means that the charge in the stimulat-
ing phase equals the charge in the reversal phase so that no net charge is
delivered. In biphasic pulses usually cathodal pulses are used in the stim-
ulation phase, followed by an anodal reversal phase (Merrill et al., 2005;
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Cogan, 2008). During a cathodal extracellular stimulation, the extracel-
lular region is driven to relatively more negatively potentials, equivalent
to driving the intracellular compartment to more positive potentials.
However, anodal phase first biphasic pulses are also used (McIntyre and
Grill, 2002; Wagenaar and Potter, 2004).
Biphasic stimuli were used because they are classified as ”safe stimuli”
compared to monophasic stimuli (Merrill et al., 2005; Cogan, 2008). Al-
though monophasic stimuli are considered as the most efficient stimuli in
exciting action potentials, they are avoided mainly in long-term exper-
iments because tissue damage are likely to occur (Merrill et al., 2005).
This is explained by the fact that during monophasic stimulation, all in-
jected charge resulted in generation of electrochemical reaction product.
In biphasic stimulation compared to monophasic an increased threshold
can be found. Since in the reversal phase of biphasic stimulation not only
electrochemical processes of the stimulation phase but also physiological
effects are reversed, that means it may suppress an action potential that
would otherwise be induced by a monophasic waveform (Merrill et al.,
2005).
As expected, increasing the pulse amplitude also leads to an increase of
the stimulation efficiency. The observed variations in the success rates
were presumably the consequence of variable experimental conditions
and were also dependent on the neurons itself. The necessary pulse am-
plitude for exciting an physiological response of the neuron depends on
the quality of the cell-chip contact (Buitenweg et al., 1998; Schoen and
Fromherz, 2008; Eick et al., 2009). Presumably the stimulation ampli-
tude will be lowest in case of optimal coupling between cell and electrode
and an absolute coverage of the electrode. The quality of cell-electrode
contact was affected by the cell position on the electrode, consequently
the electrode coverage as well as the fitness of the cell. These parameters
belong to the category of variable experimental conditions (Eick et al.,
2009). The contact between neuron and electrode were further promoted
by chemical modification of the MEA surface with Con A and anti-HRP,
respectively (Shefi et al., 2002; Fuchs et al., 2007; Pfahlert and Lakes-
Harlan, 2008). The goal was to cover the electrode site as tightly as pos-
sible in order to ensure a high quality cell-electrode-interface (Buitenweg
et al., 1998). As expected, both surface modifications led to an improve-
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ment of the binding characteristics. Further measurements have to show
if the electrode design (button- or quad-design) has also an effect on the
success rate, which could not be observed in the existing results.
An alternative to increase the success rate without amplitude increase
is the increase of the stimulation pulse frequency (Jimbo and Kawana,
1992; Schoen and Fromherz, 2008; Eick et al., 2009). Especially in long-
term experiments cell as well as electrode damage are crucial factors.
Cell and electrode damage can be caused by irreversible electroporation
and electrochemical reaction products (Schoen and Fromherz, 2008) It
has to be pointed out that the level of irreversible electrochemical reac-
tion products that is tolerated may be significantly higher for acute than
chronic stimulation (Merrill et al., 2005). Repetitive stimulation allow
to elicit an action potential by superposition. The injected charges de-
polarize the neuron such that the threshold of self-excitation is reached
if, first, the passive repolarisation of the cell is not too fast and, second,
if the inactivation of sodium channels is not too high. A sufficient num-
ber of excitable sodium channels must be left over until the necessary
threshold for self-excitation is reached (Schoen and Fromherz, 2008). It’s
safe to say that repetitive stimulation with lower pulse amplitudes avoid
electrode damage. However, it remains open if cell damage is absolutely
avoided with this method. It has been shown that the pulse amplitude
could be reduced from 1 V to 800 mV by using a pulse train of three
pulses instead of a single pulse (Fig. 24). Apart from the ion channels
which are opened and closed during the process of de- and repolarisation,
the neuron as a whole has to be taken into account. The mechanisms
for stimulation-induced tissue damage are not well understood (Merrill
et al., 2005). It is assumed that not only the creation of toxic electro-
chemical reaction products at the electrode surface can be taken into
account for cell damage but also changes of intracellular processes in-
duced by hyperactivity of the neuron. In terms of avoiding cell damage,
a distinct reduction of the pulse amplitude as a consequence of the use
of pulse trains would be more convincing. Further experiments have to
show if these stimulation pulse amplitudes allow for long term measure-
ments with the locust neurons.
Regarding the third investigated stimulation parameter, i.e. the stim-
ulus polarity, neither cathodal phase first order nor anodal phase first
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order stimuli were more efficient. Figure 26 might give the impression
that cathodal phase first stimuli are slightly more efficient for the ex-
tracellular stimulation. In literature a dependence of stimulus efficiency
on stimulus polarity can be found (Wagenaar et al., 2004; Eick et al.,
2009). However, the most suitable stimulus order can differ and seems
to be dependent on experimental conditions (Eick et al., 2009). Dur-
ing intracellular recordings of locust cells in vitro we observed that the
cells were excitable by depolarising but also after hyperpolarising pulses.
This may be an explanation that both stimulus polarities led to efficient
stimulations.
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7 General Discussion
In recent years, MEAs came into operation in many studies to investigate
the function of the nervous system (Pine, 1980; Gross et al., 1993; James
et al., 2004; Wagenaar et al., 2005; Claverol-Tinture´ et al., 2007; Fuchs
et al., 2007; Massobrio et al., 2009). In contrast to classical in vitro elec-
trophysiological methods like intracellular recordings via patch-clamp or
sharp glass electrodes, the application of MEAs provide the opportu-
nity for non-invasive electrophysiological investigations over long time
periods and multi-site stimulation and recording. Most studies found
in literature used multi-neuron electric recordings typically by means of
multiple microelectrodes embedded in a flat substrate on which neurons
can be grown to form networks (Wagenaar and Potter, 2002; Jimbo et al.,
2003; James et al., 2004; Hafizovic et al., 2007; Eick et al., 2009; Minerbi
et al., 2009). The neurons are cultured in large quantities and are moni-
tored by up to 100 electrodes. The obvious difference in number between
cells and recording sites makes one-to-one neuron - electrode interfacing
problematic and, as a result, MEAs have fallen short of the expectations
created by the first developments in this area. Some approaches try to
circumvent this problem by use of high-density MEAs with up to 11,000
recording sites (Frey et al., 2007). Only a few studies pursued an ap-
proach to ours and used low-density networks to get a deeper insight
in neuronal network function (Jun et al., 2007; Claverol-Tinture et al.,
2007; Greenbaum et al., 2009; Massobrio et al., 2009). The use of low-
density networks with a one-to-one coupling of electrode and cell is a
reliable approach for a determination of a clear cell - signal correlation.
Different approaches have been pursued for using the MEA system for
stimulation as well as recording. In the majority of MEA measurements
electrodes of the same type and array for stimulation of as well as record-
ing from cells are used (Jimbo et al., 2003; Wagenaar et al., 2004; Heer
et al., 2006; Suzuki and Yasuda, 2007). Only a few systems were used,
in which stimulation and recording sites are spatially separated on the
MEA (Grumet et al., 2000). However, these approaches are not ap-
propiate for analysing the activity of individual cells. To overcome this
problem, we are interested in a MEA system, in which, first, two dif-
ferent types of electrodes, i.e. metal electrodes and FETs, are used for
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stimulation and recording, and, second, stimulation and recording sites
are arranged in an one-to-one ratio on one chip. The use of SIROF
stimulation electrodes in a microscale as well as the combination of this
electrode type with FETs are new approaches.
Towards the development of such a new biohybrid system composed
of semiconductors and insect neurons we did a detailed investigation of
biocompatibility of locust as well as chicken neurons. Furthermore dif-
ferent characteristics of iridium oxide were analysed. We were interested
in new approaches of neuronal cell guiding of locust neurons. And, fol-
lowing the technical development of the MEA system, we performed for
the first time stimulation experiments with SIROF-electrodes and insect
neurons.
With the biocompatibility study we started the biological investigations
in the development of the new biohybrid system. Bio- or neurocompati-
bility of the used materials and the biological test system is a prerequesite
for a functional biohybrid system. The interface of neurons and electrode
material is of particular importance to measure extracellular signals.
During the biocompatibility study, morphologies of four different iridium
oxides were tested with respect to their use as cell culture substrates in
locust but also in chicken cell culture. Material characteristics of the dif-
ferent substrates were investigated, in particular the question, whether
a coating of non-modified iridium oxide with Con A or PDL is possible.
For testing neurocompatibility of the material itself it is important to
use it in a non-modified way. Coating the material could lead to a shield
of cytotoxicity. Otherwise, it is necessary to investigate the material also
in a coated state, because coating could lead to an improvement of cell
adhesion and neuronal outgrowth. Therefore, both conditions had to be
tested to evaluate an optimal growth substrate for cell culture experi-
ments. Due to AFM measurements, contact angle measurements, and
a marker enzyme assay we were able to clearly show for the first time,
that amorphous iridium oxide as well as pure iridium can be successfully
coated with PDL and Con A, respectively. All the mentioned meth-
ods offered valuable cues to material characteristics of the different test
materials. In this context it was shown, that coating led to changes in
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surface properties of the materials in terms of hydrophobicity and sur-
face roughness.
We were interested in the biocompatibility of iridium oxide with locust
cells from meso- and metathoracic ganglia, as example for an invertebrate
test system, as well as with cells from auditory brainstem of embryonic
chicken, as example for a vertebrate test system. The experiments were
done particularly with regard to the future use of the new developed
system in different approaches also with vertebrate cells. In terms of
biocompatibility, we were not only interested, that the cells grown on
the substrate were able to survive, but that they show optimal adhesion
and subsequently optimal outgrowth. These features are a prerequisite
for network formation and the basis for almost all in vitro experiments.
Therefore, we moved away from the term ”biocompatibility” to the term
”neurocompatibility”. From our quantitative and qualitative results we
concluded a neurocompatibility of locust neurons and iridium oxide films.
The Con A coating of the substrates in insect cell culture had a positive
effect on neuronal growth but is not essential for growth itself. A more
cautious estimation of neurocompatibility had to be done for chicken
cell cultures and iridium oxide. In case of chicken cells, a coating of the
substrates is essential for optimal growth, while growth on uncoated ma-
terials was disturbed. Therefore, we estimated the neurocompatibility
of chicken neurons and iridium oxide films as restricted. The qualitative
and quantitative results showed, that the PDL coating we did, was suit-
able to improve cell adhesion, but the influence of the substrate was not
completely compensated. From the measurements, but also from other
studies (Lee et al., 2003, 2005b; Thanawala et al., 2007), it became clear,
that biocompatibility of a material depends strongly on the cell culture
system used in the approach. Therefore biocompatibility must be tested
for every biological test system individually to find optimal growth con-
ditions.
We were able to show that from the technical point of view most suitable
iridium oxide films, IrO#1 and IrO#2, were also most suitable from the
biological point of view.
During the courses of our experiments we found that insect cells in gen-
eral but especially locust neurons show an unselective behaviour con-
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cerning their growth substrates. This means that locust cells are able
to grow in vivo on a non-modified MEA surface. For the iridium oxide
surfaces this is unambiguous shown in the chapter 3 in the biocompat-
ibility study. On the one hand, this is an advantage, because the cells
are able to grow in direct contact to the electrode surface. On the other
hand, this behaviour leads to the problem of neuronal patterning. To
solve the problem of neuronal patterning, two different approaches were
pursued: chemical as well as topographical surface modifications.
In terms of chemical surface modification, the challenge was to find a
non-adhesive coating for locust neurons, which can be applied on MEA
surfaces. We tested many different chemical modifications and found out
that absolute non-adhesive surface areas could be achieved by agarose
gel coating. Coating with agarose gel led to a complete inhibition of
growth of locust cells. The growth in adjacent non-modified areas was
not influenced. Agarose gel is used as non-adhesive coating in verte-
brate cell culture (Moriguchi et al., 2002; Nelson and Chen, 2002; Jiang
et al., 2005; Kang et al., 2009). In insect cell culture agarose gel seems
to be one out of a very small pool of non-adhesive chemicals. In contrast
to other chemicals, which are used in surface modification, agarose gel
can’t be applied by microcontact printing. So far, in our experiments we
used prepared and prepatterned gel layers. Routinely used patterning
techniques shown in literature are for example photo-thermal etching
(Moriguchi et al., 2002; Suzuki et al., 2005) and a soft-lithographic tech-
nique known as MIMIC (micro-molding in capillary) (Kang et al., 2009).
Both methods are taken into account for patterning of the agarose layers
in future experiments.
Beside a non-adhesive coating we also investigated a more neuron-selecti-
ve cell-adhesive coating to fix the neurons on the electrode surface and
provide neuronal outgrowth. The fixation process could be important
during the network formation process of neurons on a MEA surface. The
chosen coating substance achieving adhesive surface areas was anti-HRP,
the neuronal marker for insect neurons. Since anti-HRP binds to surface
structures of neuronal membranes (Jan and Jan, 1982), we decided to
use it as coating biomolecule. The results so far were promising, but,
because of the undisturbed cell growth also on non-modifed areas, final
experiments can only be done in combination with routinely and repro-
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In terms of topographical surface modification microfluidic devices were
used. With this approach we were interested in the ability to guide neu-
ronal growth, but also influence the morphology of the neurons in vitro.
The ”micro environment” in closed microfluidic channels better mimic
the in vivo situation regarding parameters like nutrient situation and
cell-cell communication. The design of the channels determined the cell
growth, that means, the design can be adapted to different questions and
requirements. Important parameters are, dependent on the cell size, the
channel width, and in a closed system also the channel length.
We were able to show for the first time, that it is possible to cultivate in-
sect neurons in closed-channel microfluidic devices over a period of more
than two weeks. We chose a comparably simple design of the channels
to show the growth of the insect neurons in various cell densities. The
results were promising and we are confident to be able to guide neurons
with this approach by adapting the channel design.
We showed in a biocompatibility test of PDMS and locust neurons a
only restricted biocompatibility of non-modified PDMS. We exclude cy-
totoxicity effects but include a reduced cell adhesion. Because of that
results we decided to combine the topographical surface modification via
microchannels with a chemical surface coating with Con A.
Both surface modifications, that is the chemical modification with ad-
hesive (anti-HRP) and non-adhesive areas (agarose gel) and topographi-
cal surface modifications (microfluidic channels), show promising results
concerning their application in surface patterning for guiding neuronal
growth of locust neurons. The combination of adhesive and non-adhesive
areas on a surface allows for, first, positioning of neurons on the electrode
surfaces, second, for the immobilisation of neurons on the electrodes, and
third, the support of neuronal network formation. Furthermore the level
of precision regarding the connectivity could also be increased if the
growth of the neurites is driven by using a patterning technique.
Both approaches should be pursued in following patterning experiments.
For a safe one-to-one coupling between neuron and electrode, chemical
surface as well as some topographical surface modifications require a di-
rected positioning of the neurons by use of additional technical devices
or follow a random process. In studies of Corey et al. (1991), Scholl et al.
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(2000), Kam et al. (2001), and Jun et al. (2007) a chemical patterning
of surfaces is described, the positioning of cells on the grid structures is
carried out by chance. Massobrio et al. (2009) showed a positioning of
snail neurons on defined chemical modified positions by use of a man-
ual technique. In studies of Maher et al. (1999b), Zeck and Fromherz
(2001), and Erickson et al. (2008) topographical modifications for cell
immobilisation on electrode surfaces are shown. In all examples neurons
were positioned manually by use of pipettes. In contrast, microfluidic
devices can be designed in a way that allows for an automatic cell posi-
tioning without external mechanical influences. We are developing such
a microfluidic system at the moment. A combination of a filter device
and a trapping structure (Nilsson et al., 2009) should allow for a size-
dependent cell sorting and positioning of individual cells in an automatic
way. Additionally a structure for neurite guiding should be integrated.
A chemical adhesive surface modification with anti-HRP, which is nor-
mally used for staining insect neurons in combination with a secondary
fluorescent labeled antibody, necessitates an alternative immunostaining
of the neurons grown on such coated surfaces. We established stain-
ings for routine use with antibodies against αTubulin and NF-H. Both
antibodies can be used for staining of neurons, but they also stain non-
neuronal cells. This fact could bring progress in analysing the morphol-
ogy of non-neuronal cells in culture which, in the past, have not been
investigated in any detail. A more detailed knowledge about the mor-
phology of these cells would be helpful in understanding neuron - glia
interactions in vitro.
Although a routine for the direct positioning of the neurons does not
yet exist, we did electrophysiological measurements with the SIROF-
electrodes. The cells grew at random on the whole MEA surface but in
every experiment some neurons were found on SIROF-electrodes. MEAs
with SIROF-electrodes only, i. e. the FET electrodes for recording were
not yet integrated, were used to stimulate individual locust neurons.
Different electrode designs were tested concerning their suitability for
stimulation locust neurons. All designs were made with regard to the
possibility to combine them with FETs in a one-to-one ratio. A success-
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ful stimulation was possible with two of three electrode design, button-
and quad-design. The suitability of the electrodes in measurements com-
bined with FETs is still open. Stimulation artefacts can influence the
recordings with FETs. A challenge is the immediate vicinity of stimu-
lation and recording electrodes, which has to be investigated in future
experiments.
In combination with intracellular recordings different stimulation param-
eters were analysed regarding their stimulation efficiency. An increasing
pulse amplitude led to an improved stimulation efficiency. An alternative
to an increasing pulse amplitude is a repetitive stimulation with pulses
of lower amplitude. We showed successful stimulation with pulse trains,
but it stays open if cell damage is avoided by this method because the
mechanisms for stimulation induced cell damage are not well understood
(Merrill et al., 2005). Electrode damage is avoided by using pulses with
lower amplitudes. The influence of the pulse polarity on stimulation ef-
ficiency was also investigated. Cathodal phase first and anodal phase
first stimulation pulses seemed to be equally suitable for the stimulation
of locust neurons. Stimulation of other cell types showed a dependence
of efficiency on pulse polarity (Wagenaar and Potter, 2004; Eick et al.,
2009). The experiments with SIROF-MEAs give the first information
about efficient stimulation pulse adjustment.
In conclusion, we were able to take a big step forward in the devel-
opment of a new biohybrid system consisting of a complete new MEA
system and locust neurons as biological test system. Furthermore, with
the neurocompatibility tests of iridium oxide and chicken neurons we pro-
vide the basis for the use of our system with a vertebrate test system.
The chemical and topographical surface modifications show promise in
terms of further experiments. The stimulation experiments shed light
on the efficiency of several stimulation parameters.
Techniques to position insect neurons on combined stimulation/recording
electrodes and to guide neurite outgrowth on chemically patterned sub-
strates provide important steps towards the construction of small defined
biohybrid networks. These can be used for several purposes, including
testing electrode designs for further gradual miniaturization so that they
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can be used in combination with much smaller vertebrate neurons.
In future steps we want to concentrate on the development of a rou-
tinely usable surface modification to achieve the positioning and fixation
of locust neurons on the electrode surface. In the course of these ex-
periments, the attention should also be turned on the cell - electrode
interface. It should be investigated if an improvement of the coupling
is possible. In this context an optimisation of the adhesive chemical
coating has to be taken into consideration, but also an adjustment of
the electrode structure. In terms of chemical coating, an increase in
anti-HRP concentration for coating could lead to an improved adhesion
of the neurons on the electrode surfaces. From the technical point of
view, it would be desirable to improve the coupling by further rough-
ening of the electrode surface. The critical factor in this context would
be the fabrication of stable iridium oxide films with rougher surfaces.
Another option is a complete change of the planar surface structure to,
for example, micro-nail or spine-shaped structures (Huys et al., 2008;
Van Meerbergen et al., 2008; Hai et al., 2009). As with planar micro-
electrodes, spine-shape structures allow for non-invasive, extracellular
measurements, but Hai et al. (2009) were able to show an improved
cell adhesion with this electrode modification. MEAs with spine-shaped
electrode structures cannot be compared with microneedle-based elec-
trodes which allow for intracellular measurements (Rutten et al., 1999;
Held et al., 2008). However, in our experience with growth behaviour of
locust neurons, we cannot be sure of an improvement of the coupling by
the described modifications. An analysis of the interface between locust
neuron and electrode surface by imaging techniques like scanning and
transmission electron microscopy would be desirable (Hai et al., 2009).
Imaging techniques offer the possibility to visualize whether the cells are
surrounded by glial cells after the preparation steps which counteract an
optimal adhesion of the neurons. An improved adhesion and coupling
could lead to a change in electrophysiological parameters, for example a
decrease in efficient stimulation amplitude could be possible.
With completion of the final MEA system with SIROF-electrodes as well
as FETs, we will investigate the bidirectional coupling of individual neu-
rons on stimulation and recording sites. The examination of efficiency
of electrophysiological parameters will be continued. The investigation
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of neuronal network activity remains the long term goal.
105

8 Summary
We are interested in the development of biohybrid systems composed of
defined neuron populations and semiconductor chips, which allow for si-
multaneous extracellular stimulation and recording of neuronal activity
in vitro. We integrate sputtered iridium oxide film (SIROF)-electrodes
for single cell stimulation and field-effect transistors (FET) for recording
on one chip. On this multielectrode array (MEA) stimulation electrodes
surround recording electrodes in the immediate vicinity. Neurons from
thoracic ganglia of the locust, Locusta migratoria, are used as biological
test system.
Iridium oxide is an attractive material for the development of novel multi
electrode array (MEA) systems that provide electrodes for stimulation
as well as recording single neurons. In this study the biocompatibility
of pure iridium and different iridium oxides that differ characteristically
in their surface roughness was investigated using two different biologi-
cal test systems, insect and vertebrate neurons. Iridium oxide surfaces
were coated with Concanavalin A (Con A) and poly-(D)-lysine (PDL). In
detailed investigations (Ra-value determination, contact angle measure-
ment, marker enzyme assay) the surface characteristics of non-modified
and coated iridium oxide films were analysed, demonstrating that the
materials can be successfully coated. Furthermore, we show that lo-
cust neurons grow well on all substrates tested, while chicken neurons
need coated surfaces for proper adhesion. Increasing the roughness of
iridium oxide films, which in principle could improve cell adhesion, did
not improve the neurocompatibility. These results show that in future
applications iridium oxide films can be used with surface morphologies
previously shown to be optimal for stimulation purposes (cauliflower-like
surface structure).
A combination of chemical adhesive and non-adhesive surface modifica-
tions are necessary to guide neuronal growth of locust cells. Agarose gel
coating seemed to be a reliable non-adhesive coating for locust neurons.
Successful coating of different materials (glass, iridium oxide, passiva-
tion layer) was shown. The growth of insect neurons was disturbed on
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coated while not influenced in adjacent non-modified surface areas. An
adhesive coating was shown by modifying the surface with anti-HRP, the
neuronal marker for insect cells.
Microfluidic channel systems were fabricated out of polydimethylsiloxane
(PDMS) and used as culture vessels for primary culture of neurons from
locust thoracic ganglia. In a biocompatibility study it was shown that
cell adhesion and neuronal cell growth of locust neurons on uncoated
PDMS was restricted. Coating with Con A improved cell adhesion.
In closed-channel microfluidic devices neurons were grown in static-bath
culture conditions for more than 15 days. Cell densities of up to 20 cells/
channel were not exceeded in low-density cultures but we also found op-
timal cell growth of single neurons inside individual channels. The first
successful cultivation of insect neurons in closed-channel microfluidic de-
vices provides a prerequisite for the development of low density neuronal
networks on multi electrode arrays combined with microfluidic devices.
MEAs equipped with different types of SIROF-electrodes, exclusively,
were used, first, to prove the suitability of the different designs, and sec-
ond, to investigate the effect of various pulse parameters such as form,
frequency, polarity, and duration on stimulation efficiency. Single locust
neurons could be successfully stimulated using SIROF-electrodes while
their activity was monitored by intracellular recording with glass micro-
electrodes. Two of three electrode designs turned out to be suitable for
stimulation experiments. The amplitude threshold values varied from
400 mV to 1 V for individual neurons. The use of pulse trains instead
of single pulses decreased the efficient stimulation amplitude. The pulse
polarity has no bearing on the efficiency. Experiments with different
neurons provide general tendencies for the influence of the investigated
parameters.
108


REFERENCES
References
(1999). EN ISO 10993-5: Biological evaluation of medical devices - Part
5: Tests for cytotoxicity: in vitro methods. German version EN ISO
10993-5: 1999.
Anava, S., Greenbaum, A., Ben Jacob, E., Hanein, Y., and Ayali, A.
(2009). The regulative role of neurite mechanical tension in network
development. Biophysical Journal, 96(4):1661–1670.
Anderson, D. J., Najafi, K., Tanghe, S. J., Evans, D. A., Levy, K. L.,
Hetke, J. F., Xue, X., Zappia, J. J., and Wise, K. D. (1989). Batch
fabricated thin-film electrodes for stimulation of the central auditory
system. IEEE Transactions on Biomedical Engineering, 36(7):693–
704.
Bartlett, W. P. and Banker, G. A. (1984a). An electron microscopic
study of the development of axons and dendrites by hippocampal neu-
rons in culture I. Cells which develop without intercellular contacts.
The Journal of Neuroscience, 4:1944–1953.
Bartlett, W. P. and Banker, G. A. (1984b). An electron microscopic
study of the development of axons and dendrites by hippocampal neu-
rons in culture II. Synaptic relationships. The Journal of Neuroscience,
4:1954–1965.
Beadle, D. J. (2006). Insect neuronal cultures: an experimental vehicle
for studies of physiology, pharmacology and cell interactions. Inverte-
brate Neuroscience, 6:95–103.
Berdondini, L., Imfeld, K., Maccione, A., Tedesco, M., Neukom, S.,
Koudelka-Hep, M., and Martinoia, S. (2009). Active pixel sensor ar-
ray for high spatio-temporal resolution electrophysiological recordings
from single cell to large scale neuronal networks. Lab on a Chip,
9(18):2644–51.
Berdondini, L., van Der Wal, P. D., Guenat, O., de Rooij, N. F.,
Koudelka-Hep, M., Seitz, P., Kaufmann, R., Metzler, P., Blanc, N.,
and Rohr, S. (2005). High-density electrode array for imaging in vitro
111
REFERENCES
electrophysiological activity. Biosensors & Bioelectronics, 21(1):167–
74.
Branch, D. W., Wheeler, B. C., Brewer, G. J., and Leckband, D. E.
(2000). Long-term maintenance of patterns of hippocampal pyramidal
cells on substrates of polyethylene glycol and microstamped polylysine.
IEEE Transactions on Biomedical Engineering, 47(3):290–300.
Brewer, G. J. and Cotman, C. W. (1989). Survival at low and growth
of hippocampal neurons in defined medium density: advantages of a
sandwich culture technique or low oxygen. Brain Research, 494:65–74.
Buitenweg, J. R., Rutten, W. L. C., Willems, W. P. A., and Nieuwkas-
teele, J. W. (1998). Measurement of sealing resistance of cell-electrode
interfaces in neuronal cultures using impedance spectroscopy. Medical
& Biological Engineering & Computing, 36(5):630–637.
Burrows, M. (1996). The neurobiology of an insect brain. Oxford Uni-
versity Press, Oxford.
Campenot, R. B. (1977). Local control of neurite development by nerve
growth factor. Proceedings of the National Academy of Sciences of the
United States of America, 74(10):4516–4519.
Campenot, R. B. (1987). Local control of neurite sprouting in cultured
sympathetic neurons by nerve growth factor. Developmental Brain
Research, 37:293–301.
Caudy, M. and Bentley, D. (1986). Pioneer growth cone steering along
a series of neuronal and non-neuronal cues of different affinities. The
Journal of neuroscience : the official journal of the Society for Neu-
roscience, 6(6):1781–95.
Cheng, S.-Y., Heilman, S., Wasserman, M., Archer, S., Shulerac, M. L.,
and Wu, M. (2007). A hydrogel-based microfluidic device for the stud-
ies of directed cell migration. Lab on a Chip, 7:763–769.
Claverol-Tinture´, E., Cabestany, J., and Rosell, X. (2007). Multi-
site recording of extracellular potentials produced by microchannel-
confined neurons in-vitro. IEEE Transactions on Biomedical Engi-
neering, 54:331–335.
112
REFERENCES
Claverol-Tinture, E., Ghirardi, M., Fiumara, F., Rosell, X., and
Cabestany, J. (2005). Multielectrode arrays with elastomeric mi-
crostructured overlays for extracellular recordings from patterned neu-
rons. Journal of Neural Engineering, 2(2):L1–L7.
Claverol-Tinture, E., Rosell, X., and Cabestany, J. (2007). Technical
steps towards one-to-one electrode-neuron interfacing with neural cir-
cuits reconstructed in vitro. Neurocomputing, 70(16-18):2716–2722.
Cogan, S. F. (2008). Neural stimulation and recording electrodes. Annual
Review of Biomedical Engineering, 10:275–309.
Cogan, S. F., Ehrlich, J., Plante, T. D., Smirnov, A., Shire, D. B.,
Gingerich, M., and Rizzo, J. F. (2009). Sputtered iridium oxide films
for neural stimulation electrodes. Journal of Biomedical Materials
Research. Part B, Applied Biomaterials, 89B(2):353–61.
Corey, J. M., Wheeler, B. C., and Brewer, G. J. (1991). Compliance
of hippocampal neurons to patterned substrate networks. Journal of
Neuroscience Research, 30(2):300–7.
Curtis, A. S. G., Casey, B., Gallagher, J. O., Pasqui, D., Wood, M. A.,
and Wilkinson, C. D. W. (2001). Substratum nanotopography and
the adhesion of biological cells. Are symmetry or regularity of nanoto-
pography important? Biophysical Chemistry, 94:275–283.
Dworak, B. J. and Wheeler, B. C. (2009). Novel MEA platform with
PDMS microtunnels enables the detection of action potential propa-
gation from isolated axons in culture. Lab on a Chip, 9:404–410.
Ecken, H., Ingebrandt, S., Krause, M., Richter, D., Hara, M., and Of-
fenhusser, A. (2003). 64-Channel extended gate electrode arrays for
extracellular signal recording. Electrochimica Acta, 48(20-22):3355–
3362.
Egert, U., Heck, D., and Aertsen, A. (2002). Two-dimensional moni-
toring of spiking networks in acute brain slices. Experimental Brain
Research, 142(2):268–74.
113
REFERENCES
Egert, U., Schlosshauer, B., Fennrich, S., Nisch, W., Fejtl, M., Knott, T.,
Mu¨ller, T., and Ha¨mmerle, H. (1998). A novel organotypic long-term
culture of the rat hippocampus on substrate-integrated multielectrode
arrays. Brain Research Protocols, 2(4):229–42.
Eggers, M. D., Astolfi, D. K., Liu, S., Zeuli, H. E., Doeleman, S. S.,
McKay, R., Khuon, T. S., and Ehrlich, D. J. (1990). Electronically
wired petri dish: a microfabricated interface to the biological neuronal
network. Journal of Vacuum Science & Technology B, 8(6):1392–1398.
Eick, S., Wallys, J., Hofmann, B., van Ooyen, A., Schnakenberg, U.,
Ingebrandt, S., and Offenha¨usser, A. (2009). Iridium oxide microelec-
trode arrays for in-vitro stimulation of individual rat neurons from
dissociated cultures. Frontiers in Neuroengineering, 2.
Erickson, J., Tooker, A., Tai, Y.-C., and Pine, J. (2008). Caged neuron
MEA: A system for long-term investigation of cultured neural network
connectivity. Journal of Neuroscience Methods, 175:1–16.
Eversmann, B., Jenkner, M., Hofmann, F., Paulus, C., Brederlow,
R., Holzapfl, B., Fromherz, P., Merz, M., Brenner, M., Schreiter,
M., Gabl, R., Plehnert, K., Steinhauser, M., Eckstein, G., Schmitt-
Landsiedel, D., and Thewes, R. (2003). A 128 x 128 cmos biosensor
array for extracellular recording of neural activity. IEEE Journal of
Solid-State Circuits, 38(12):2306–2317.
Folch, A. and Toner, M. (1998). Cellular micropatterns on biocompatible
materials. Biotechnology Progress, 14:388–392.
Frey, U., Egert, U., Heer, F., Hafizovic, S., and Hierlemann, A. (2009).
Microelectronic system for high-resolution mapping of extracellular
electric fields applied to brain slices. Biosensors & Bioelectronics,
24(7):2191–8.
Frey, U., Heer, F., Pedron, R., Greve, F., Hafizovic, S., Kirstein, K.-U.,
and Hierlemann, A. (2007). 11’000 Electrode-, 126 channel-CMOS mi-
croelectrode array for electrogenic cells. In IEEE 20th International
Conference on Micro Electro Mechanical Systems MEMS, number Jan-
uary, pages 541–544.
114
REFERENCES
Fromherz, P., Offenha¨usser, A., Vetter, T., and Weis, J. (1991a). A
neuron-silicon junction: a Retzius cell of the leech on an insulated-
gate field-effect transistor. Science, 252(5010):1290–1293.
Fromherz, P., Schaden, H., and Vetter, T. (1991b). Guided outgrowth
of leech neurons in culture. Neuroscience Letters, 129(1):77–80.
Fuchs, E., Ayali, A., Robinson, A., Hulata, E., and Ben-Jacob, E. (2007).
Coemergence of regularity and complexity during neural network de-
velopment. Developmental Neurobiology, 67:1802–1814.
Gawad, S., Giugliano, M., Heuschkel, M., Wessling, B., Markram, H.,
Schnakenberg, U., Renaud, P., and Morgan, H. (2009). Substrate ar-
rays of iridium oxide microelectrodes for in vitro neuronal interfacing.
Frontiers in Neuroengineering, 2:1–7.
Giles, D. and Usherwood, P. N. R. (1985a). The effects of putative amino
acid neurotransmitters on somata isolated from neurons of the locust
central nervous system. Comparative Biochemistry and Physiology
Part C: Comparative Pharmacology, 80(2):231–236.
Giles, D. P. and Usherwood, P. N. R. (1985b). Locust nymphal neu-
rones in culture: a new technique for studying the physiology and
pharmacology of insect central neurones. Comparative Biochemistry
and Physiology, 80C(1):53–59.
Gocht, D., Wagner, S., and Heinrich, R. (2009). Recognition, presence,
and survival of locust central nervous glia in situ and in vitro. Mi-
croscopy Research and Technique, 72(5):385–397.
Gomez-Sjoberg, R., Leyrat, A. A., Pirone, D. M., Chen, C. S., and
Quake, S. R. (2007). Versatile, fully automated, microfluidic cell cul-
ture system. Analytical Chemistry, 79:8557–8563.
Greenbaum, A., Anava, S., Ayali, A., Shein, M., David-Pur, M., Ben-
Jacob, E., and Hanein, Y. (2009). One-to-one neuron-electrode inter-
facing. Journal of Neuroscience Methods, 182(2):219–224.
115
REFERENCES
Gross, G. W. (1979). Simultaneous single unit recording in vitro with a
photoetched laser deinsulated gold multimicroelectrode surface. IEEE
Transactions on Biomedical Engineering, BME-26(5):273–279.
Gross, G. W., Harsch, A., Rhoades, B. K., and Go¨pel, W. (1997). Odor,
drug and toxin analysis with neuronal networks in vitro: extracellular
array recording of network responses. Biosensors and Bioelectronics,
12:373–393.
Gross, G. W., Rhoades, B. K., Azzazy, H. M. E., and Wu, M.-C. (1995).
The use of neuronal networks on multielectrode arrays as biosensors.
Biosensors and Bioelectronics, 10(6-7):553–567.
Gross, G. W., Rhoades, B. K., Reust, D. L., and Schwalm, F. U.
(1993). Stimulation of monolayer networks in culture through thin-
film indium-tin oxide recording electrodes. Journal of Neuroscience
Methods, 50(2):131–43.
Gross, G. W., Rieske, E., Kreutzberg, G. W., and Meyer, A. (1977).
A new fixed-array multi-microelectrode system designed for long-term
monitoring of extracellular single unit neuronal activity in vitro. Neu-
roscience Letters, 6:101–105.
Grumet, a. E., Wyatt, J. L., and Rizzo, J. F. (2000). Multi-electrode
stimulation and recording in the isolated retina. Journal of Neuro-
science Methods, 101(1):31–42.
Gunning, D. E., Chichilnisky, E. J., Litke, A. M., OShea, V., Smith,
K. M., and Mathieson, K. (2007). Performance of ultra-high-density
microelectrode arrays. Nuclear Instruments and Methods in Physics
Research Section A: Accelerators, Spectrometers, Detectors and Asso-
ciated Equipment, 576:215–219.
Gustavsson, P., Johansson, F., Kanje, M., Wallman, L., and Linsmeier,
C. E. (2007). Neurite guidance on protein micropatterns generated by
a piezoelectric microdispenser. Biomaterials, 28:1141–1151.
Hafizovic, S., Heer, F., Ugniwenko, T., Frey, U., Blau, A., Ziegler, C.,
and Hierlemann, A. (2007). A CMOS-based microelectrode array for
116
REFERENCES
interaction with neuronal cultures. Journal of Neuroscience Methods,
164:93–106.
Hai, A., Dormann, A., Shappir, J., Yitzchaik, S., Bartic, C., Borghs,
G., Langedijk, J. P. M., and Spira, M. E. (2009). Spine-shaped gold
protrusions improve the adherence and electrical coupling of neurons
with the surface of micro-electronic devices. Journal of the Royal
Society Interface, 6:1153–1165.
Han, M. and McCreery, D. B. (2008). A new chronic neural probe with
electroplated iridium oxide microelectrodes. In Proc. of the 30th An-
nual International Conference of the IEEE Engineering in Medicine
and Biology Society, pages 4220–4221.
Harnack, D., Meissner, W., Paulat, R., Hilgenfeld, H., Muller, W. D.,
Winter, C., Morgenstern, R., and Kupsch, A. (2008). Continuous
high-frequency stimulation in freely moving rats: Development of an
implantable microstimulation system. Journal of Neuroscience Meth-
ods, 167(2):278–291.
Hayashi, J. H. and Hildebrand, J. G. (1990). Insect olfactory neurons in
vitro: morphological and physiological characterization of cells from
the developing antennal lobes of Manduca sexta. The Journal of Neu-
roscience, 10:848–859.
He, Q., Meng, E., Tai, Y. C., Rutherglen, C. M., Erickson, J., and Pine,
J. (2003). Parylene neuro-cages for live neural networks study. Boston
Transducers’03: Digest of Technical Papers, Vols 1 and 2, pages 995–
998.
Heck, C., Kunst, M., Haertel, K., Huelsmann, S., and Heinrich, R.
(2009). In vivo labeling and in vitro characterisation of central com-
plex neurons involved in the control of sound production. Journal of
Neuroscience Methods, 183(2):202–212.
Heer, F., Hafizovic, S., Franks, W., Blau, A., Ziegler, C., and Hierle-
mann, A. (2006). CMOS microelectrode array for bidirectional inter-
action with neuronal networks. IEEE Journal of Solid-State Circuits,
41(7):1620–1629.
117
REFERENCES
Heer, F., Hafizovic, S., Ugniwenko, T., Frey, U., Franks, W., Perri-
ard, E., Perriard, J.-C., Blau, A., Ziegler, C., and Hierlemann, A.
(2007). Single-chip microelectronic system to interface with living
cells. Biosensors & Bioelectronics, 22(11):2546–53.
Held, J., Gaspar, J., Koester, P. J., Tautorat, C., Cismak, A., Heil-
mann, A., Baumann, W., Trautmann, A., Ruther, P., and Paul, O.
(2008). Microneedle arrays for intracellular recording applications.
MEMS 2008: 21st IEEE International Conference On Micro Electro
Mechanical Systems, Technical Digest, pages 268–271.
Heuschkel, M. O., Fejtl, M., Raggenbass, M., Bertrand, D., and Renaud,
P. (2002). A three-dimensional multi-electrode array for multi-site
stimulation and recording in acute brain slices. Journal of Neuro-
science Methods, 114(2):135–148.
Hinterdorfer, P., Schilcher, K., Baumgartner, W., Gruber, H. J., and
Schindler, H. (1998). A mechanistic study of the dissociation of indi-
vidual antibody-antigen pairs by atomic force microscopy. Nanobiol-
ogy, 4:177–188.
Huys, R., Braeken, D., Van Meerbergen, B., Winters, K., Eberle, W.,
Loo, J., Tsvetanova, D., Chen, C., Severi, S., Yitzchaik, S., Spira, M.,
Shappir, J., Callewaert, G., Borghs, G., and Bartic, C. (2008). Novel
concepts for improved communication between nerve cells and silicon
electronic devices. Solid-State Electronics, 52(4):533–539.
Ignatius, M. J., Sawhney, N., Gupta, A., Thibadeau, B. M., Mon-
teiro, O. R., and Brown, I. G. (1998). Bioactive surface coatings for
nanoscale instruments: effects on CNS neurons. Journal of Biomedical
Materials Research, 40(2):264–74.
Imfeld, K., Neukom, S., Maccione, A., Bornat, Y., Martinoia, S., Farine,
P.-A., Koudelka-Hep, M., and Berdondini, L. (2008). Large-scale,
high-resolution data acquisition system for extracellular recording of
electrophysiological activity. IEEE Transactions on Biomedical Engi-
neering, 55(8):2064–73.
118
REFERENCES
Ivins, K. J., Bui, E. T. N., and Cotman, C. W. (1998). β-Amyloid
induces local neurite degeneration in cultured hippocampal neurons:
evidence for neuritic apoptosis. Neurobiology of Disease, 5:365–378.
James, C. D., Davis, R., Meyer, M., Turner, A., Turner, S., Withers,
G., Kam, L., Banker, G., Craighead, H., Isaacson, M., Turner, J.,
and Shain, W. (2000). Aligned microcontact printing of micrometer-
scale poly-L-lysine structures for controlled growth of cultured neurons
on planar microelectrode arrays. IEEE Transactions On Biomedical
Engineering, 47(1):17–21.
James, C. D., Spence, A. J. H., Dowell-Mesfin, N. M., Hussain, R. J.,
Smith, K. L., Craighead, H. G., Isaacson, M. S., Shain, W., and
Turner, J. N. (2004). Extracellular recordings from patterned neuronal
networks using planar microelectrode arrays. IEEE Transactions on
Biomedical Engineering, 51:1640–1648.
Jan, L. Y. and Jan, Y. N. (1982). Antibodies to horseradish peroxidase as
specific neuronal markers in Drosophila and in grasshopper embryos.
Proceedings of the National Academy of Sciences of the United States
of America, 79:2700–2704.
Jenkner, M., Mu¨ller, B., and Fromherz, P. (2001). Interfacing a sili-
con chip to pairs of snail neurons connected by electrical synapses.
Biological Cybernetics, 84(4):239–49.
Jiang, X., Bruzewicz, D. a., Wong, A. P., Piel, M., and Whitesides,
G. M. (2005). Directing cell migration with asymmetric micropatterns.
Proceedings of the National Academy of Sciences of the United States
of America, 102(4):975–8.
Jimbo, Y., Kasai, N., Torimitsu, K., Tateno, T., and Robinson, H. P. C.
(2003). A system for MEA-based multisite stimulation. IEEE Trans-
actions on Biomedical Engineering, 50(2):241–8.
Jimbo, Y. and Kawana, A. (1992). Electrical stimulation and recording
from cultured neurons using a planar electrode array. Bioelectrochem-
istry and Bioenergetics, 29(2):193–204.
119
REFERENCES
Jimbo, Y., Robinson, H. P. C., and Kawana A (1993). Simultaneous
measurement of intracellular calcium and electrical activity from pat-
terned neural networks in culture. IEEE Transactions on Biomedical
Engineering, 40(8):804–810.
Jing, G., Labukas, J. P., Iqbal, A., Perry, S. F., Ferguson, G. S., and
Tatic-Lucic, S. (2007). A novel method for accurate patterning and
positioning of biological cells. In Arena, P., Rodriguez-Vazquez, A.,
and Linan-Cembrano, G., editors, Bioengineered and Bioinspired Sys-
tems III, volume 6592, pages 65920Y–8, Maspalomas, Gran Canaria,
Spain. SPIE.
Jobling, D. T., Smith, J. G., and Wheal, H. V. (1981). Active microelec-
trode array to record from the mammalian central nervous system in
vitro. Medical & Biological Engineering & Computing, 19(5):553–60.
Jun, S. B., Hynd, M. R., Dowell-Mesfin, N., Smith, K. L., Turner, J. N.,
Shain, W., and Kim, S. J. (2007). Low-density neuronal networks cul-
tured using patterned poly-l-lysine on microelectrode arrays. Journal
of Neuroscience Methods, 160:317–326.
Kam, L., Shain, W., Turner, J. N., and Bizios, R. (2001). Axonal out-
growth of hippocampal neurons on micro-scale networks of polylysine-
conjugated laminin. Biomaterials, 22(10):1049–1054.
Kane, R. S., Takayama, S., Ostuni, E., Ingber, D. E., and Whitesides,
G. M. (1999). Patterning proteins and cells using soft lithography.
Biomaterials, 20:2363–2376.
Kang, G., Lee, J.-H., Lee, C.-S., and Nam, Y. (2009). Agarose microwell
based neuronal micro-circuit arrays on microelectrode arrays for high
throughput drug testing. Lab on a Chip, 9(22):3236–42.
Katz, F., Moats, W., and Jan, Y. N. (1988). A carbohydrate epitope ex-
pressed uniquely on the cell surface of Drosophila neurons is altered in
the mutant nac (neurally altered carbohydrate). The EMBO journal,
7(11):3471–7.
120
REFERENCES
Keefer, E. W., Botterman, B. R., Romero, M. I., Rossi, A. F., and Gross,
G. W. (2008). Carbon nanotube coating improves neuronal recordings.
Nature Nanotechnology, 3(7):434–9.
Kirchhof, B. and Bicker, G. (1992). Growth properties of larval and adult
locust neurons in primary cell culture. The Journal of Comparative
Neurology, 323:411–422.
Klammer, I., Hofmann, M. C., Buchenauer, A., Mokwa, W., and
Schnakenberg, U. (2006). Long-term stability of PDMS-based mi-
crofluidic systems used for biocatalytic reactions. Journal of Microme-
chanics and Microengineering, 16:2425–2428.
Kleinfeld, D., Kahler, K. H., and Hockberger, P. E. (1988). Controlled
outgrowth of dissociated neurons on patterned substrates. The Journal
of Neuroscience, 8:4098–4120.
Krause, M., Ingebrandt, S., Richter, D., Denyer, M., Scholl, M.,
Spro¨ssler, C., and Offenha¨usser, A. (2000). Extended gate electrode
arrays for extracellular signal recordings. Sensors and Actuators B:
Chemical, 70(1-3):101–107.
Krull, C. E., Morton, D. B., Faissner, A., Schachner, M., and Tolbert,
L. P. (1994a). Spatiotemporal pattern of expression of Tenascin-like
molecules in a developing insect olfactory system. Journal of Neuro-
biology, 25(5):525–534.
Krull, C. E., Oland, L. A., Faissner, A., Schachner, M., and Tolbert, L. P.
(1994b). In vitro analyses of neurite outgrowth indicate a potential
role for Tenascin-like molecules in the development of insect olfactory
glomeruli. Journal of Neurobiology, 25(8):989–1004.
Kuenzel, T., Mo¨nig, B., Wagner, H., Mey, J., and Luksch, H. (2007).
Neuronal differentiation of the early embryonic auditory hindbrain of
the chicken in primary culture. European Journal of Neuroscience,
25:974–984.
Kurosaka, a., Yano, a., Itoh, N., Kuroda, Y., Nakagawa, T., and
Kawasaki, T. (1991). The structure of a neural specific carbohydrate
121
REFERENCES
epitope of horseradish peroxidase recognized by anti-horseradish per-
oxidase antiserum. The Journal of biological chemistry, 266(7):4168–
72.
Lee, I. S., Park, J. C., Lee, G. H., Seo, W. S., Lee, Y. H., Lee, K. Y.,
Kim, J. K., and Cui, F. Z. (2004a). Neural cells on iridium oxide. Key
Engineering Materials, 254-256:805–808.
Lee, I. S., Park, J. M., Son, H. J., Park, J. C., Lee, G. H., Lee, Y. H.,
and Cui, F. Z. (2005a). Iridium oxide as a stimulating neural electrode
formed by reactive magnetron sputtering. Key Engineering Materials,
288-289:307–310.
Lee, I. S., Whang, C. N., Choi, K., Choo, M. S., and Lee, Y. H. (2002).
Characterization of iridium film as a stimulating neural electrode. Bio-
materials, 23:2375–2380.
Lee, I.-S., Whang, C.-N., Lee, Y.-H., Lee, G. H., Park, B.-J., Park, J.-
C., Seo, W. S., and Cui, F.-Z. (2005b). Formation of nano iridium
oxide: material properties and neural cell culture. Thin Solid Films,
475:332–336.
Lee, I.-S., Whang, C.-N., Park, J.-C., Lee, D.-H., and Seo, W.-S. (2003).
Biocompatibility and charge injection property of iridium film formed
by ion beam assisted deposition. Biomaterials, 24:2225–2231.
Lee, J. N., Jiang, X., Ryan, D., and Whitesides, G. M. (2004b). Com-
patibility of mammalian cells on surfaces of poly(dimethylsiloxane).
Langmuir, 20(26):11684–11691.
Lee, K. Y. and Mooney, D. J. (2001). Hydrogels for tissue engineering.
Chemical Reviews, 101(7):1869–1880.
Letourneau, P. C. (1975). Cell-to-substratum adhesion and guidance of
axonal elongation. Developmental Biology, 44:92–101.
Lhoest, J.-B., Detrait, E., Dewez, J.-L., van Den Bosch De Aguilar, P.,
and Bertrand, P. (1996). A new plasma-based method to promote cell
adhesion on micrometric tracks on polystyrene substrates. Journal of
Biomaterial Science, Polymer Edition, 7(12):1039–1054.
122
REFERENCES
Lim, J. Y. and Donahue, H. J. (2007). Cell sensing and response to micro-
and nanostructured surfaces produced by chemical and topographic
patterning. Tissue Engineering, 13(8):1879–91.
Loesel, R., Weigel, S., and Bra¨unig, P. (2006). A simple fluorescent
double staining method for distinguishing neuronal from non-neuronal
cells in the insect central nervous system. Journal of Neuroscience
Methods, 155:202–206.
Ludwig, K. A., Uram, J. D., Yang, J., Martin, D. C., and Kipke, D. R.
(2006). Chronic neural recordings using silicon microelectrode arrays
electrochemically deposited with a poly(3,4-ethylenedioxythiophene)
(PEDOT) film. Journal of Neural Engineering, 3(1):59–70.
Luk, Y.-Y., Kato, M., and Mrksich, M. (2000). Self-assembled monolay-
ers of alkanethiolates presenting mannitol groups are inert to protein
adsorption and cell attachment. Langmuir, 16(24):9604–9608.
Maccione, A., Gandolfo, M., Tedesco, M., Nieus, T., Imfeld, K., Mar-
tinoia, S., and Berdondini, L. (2010). Experimental investigation on
spontaneously active hippocampal cultures recorded by means of high-
density MEAs: analysis of the spatial resolution effects. Frontiers in
Neuroengineering, 3(May):4.
Maher, M. P., Dvorak-Carbone, H., Pine, J., Wright, J. A., and Tai,
Y. C. (1999a). Microstructures for studies of cultured neural networks.
Medical and Biological Engineering and Computing, 37:110–118.
Maher, M. P., Pine, J., Wright, J., and Tai, Y.-C. (1999b). The neu-
rochip: a new multielectrode device for stimulating and recording from
cultured neurons. Journal of Neuroscience Methods, 87:45–56.
Marom, S. and Shahaf, G. (2002). Development, learning and memory in
large random networks of cortical neurons: lessons beyond anatomy.
Quarterly Reviews of Biophysics, 35(01):63–87.
Massobrio, P., Tedesco, M., Giachello, C., Ghirardi, M., Fiumara, F.,
and Martinoia, S. (2009). Helix neuronal ensembles with controlled
cell type composition and placement develop functional polysynaptic
123
REFERENCES
circuits on Micro-Electrode Arrays. Neuroscience Letters, 467(2):121–
126.
McDonald, J. C. and Whitesides, G. M. (2002). Poly(dimethylsiloxane)
as a material for fabricating microfluidic devices. Accounts of Chemical
Research, 35(7):491–499.
McIntyre, C. C. and Grill, W. M. (2002). Extracellular stimulation
of central neurons: influence of stimulus waveform and frequency on
neuronal output. Journal of Neurophysiology, 88(4):1592–604.
McNaughton, T. G. and Horch, K. W. (1996). Metallized polymer fibers
as leadwires and intrafascicular microelectrodes. Journal of Neuro-
science Methods, 70(1):103–110.
Merrill, D. R., Bikson, M., and Jefferys, J. G. R. (2005). Electrical
stimulation of excitable tissue: design of efficacious and safe protocols.
Journal of Neuroscience Methods, 141(2):171–198.
Millet, L. J., Stewart, M. E., Sweedler, J. V., Nuzzo, R. G., and Gillette,
M. U. (2007). Microfluidic devices for culturing primary mammalian
neurons at low densities. Lab on a Chip, 7:987–994.
Minerbi, A., Kahana, R., Goldfeld, L., Kaufman, M., Marom, S.,
and Ziv, N. E. (2009). Long-term relationships between synaptic
tenacity, synaptic remodeling, and network activity. PLoS Biology,
7(6):e1000136.
Mokwa, W. (2007). Comprehensive microsystems, volume 3, chapter
Artificial, pages 201–217. Elsevier Science, Oxford.
Mokwa, W., Go¨rtz, M., Koch, C., Krisch, I., Trieu, H.-K., and Walter,
P. (2008). Intraocular epiretinal prothesis to restore vision in blind
humans. In Proceedings of the 30th Annual International Conference
of the IEEE Engineering in Medicine and Biology Society, pages 5790–
5793.
Moriguchi, H., Tamai, N., Takayama, Y., and Jimbo, Y. (2007). Site-
selective electrical recording from small neuronal circuits using spray
124
REFERENCES
patterning method and mobile microelectrodes. 2007 3rd International
IEEE/EMBS Conference on Neural Engineering, Vols 1 and 2, pages
494–497.
Moriguchi, H., Wakamoto, Y., Sugio, Y., Takahashi, K., Inoue, I., and
Yasuda, K. (2002). An agar-microchamber cell-cultivation system:
flexible change of microchamber shapes during cultivation by photo-
thermal etching. Lab on a Chip, 2(2):125–130.
Nelson, C. M. and Chen, C. S. (2002). Cell-cell signaling by direct contact
increases cell proliferation via a PI3K-dependent signal. FEBS Letters,
514(2-3):238–42.
Nelson, C. M., Raghavan, S., Tan, J. L., and Chen, C. S. (2003). Degra-
dation of micropatterned surfaces by cell-dependent and -independent
processes. Langmuir, 19(5):1493–1499.
Nguyen-Vu, T. D. B., Chen, H., Cassell, A. M., Andrews, R. J., Meyyap-
pan, M., and Li, J. (2007). Vertically aligned carbon nanofiber ar-
chitecture as a multifunctional 3-D neural electrical interface. IEEE
Transactions on Biomedical Engineering, 54(6 Pt 1):1121–8.
Nilsson, J., Evander, M., Hammarstrom, B., and Laurell, T. (2009).
Review of cell and particle trapping in microfluidic systems. Analytica
Chimica Acta, 649:141–157.
Niven, J. E., Buckingham, C. J., Lumley, S., Cuttle, M. F., and Laughlin,
S. B. (2010). Visual targeting of forelimbs in ladder-walking locusts.
Current Biology, 20:86–91.
Novak, J. L. and Wheeler, B. C. (1988). Multisite hippocampal slice
recording and stimulation using a 32 element microelectrode array.
Journal of Neuroscience Methods, 23:149–159.
Ostuni, E., Kane, R., Chen, C. S., Ingber, D. E., and Whitesides, G. M.
(2000). Patterning mammalian cells using elastomeric membranes.
Langmuir, 16(20):7811–7819.
125
REFERENCES
Pasquale, V., Massobrio, P., Bologna, L. L., Chiappalone, M., and Marti-
noia, S. (2008). Self-organization and neuronal avalanches in networks
of dissociated cortical neurons. Neuroscience, 153(4):1354–1369.
Pener, M. P. (1991). Locust phase polymorphism and its endocrine
relations. Advances in Insect Physiology, 23:1–79.
Pener, M. P. and Yerushalmi, Y. (1998). Physiology of locust phase
polymorphism: an update. Journal of Insect Physiology, 44:365–377.
Pfahlert, C. and Lakes-Harlan, R. (2008). Thoracic interneurons, mo-
torneurons and sensory neurons of Locusta migratoria (Insecta: Or-
thoptera) in primary cell culture. The Open Entomology Journal, 2:6–
13.
Pierschbacher, M. and Ruoslahti, E. (1984). Cell attachment activity
of fibronectin can be duplicated by small synthetic fragments of the
molecule. Nature, 309(3):30–33.
Pine, J. (1980). Recording action potentials from cultured neurons with
extracellular microcircuit electrodes. Journal of Neuroscience Meth-
ods, 2(1):19–31.
Pinnow, C. U., Kasko, I., Nagel, N., Poppa, S., Mikolajick, T., Dehm, C.,
Hosler, W., Bleyl, F., Jahnel, F., Seibt, M., Geyer, U., and Samwer, K.
(2002). Influence of deposition conditions on Ir/IrO2 oxygen barrier
effectiveness. Journal of Applied Physics, 91(12):9591.
Rand, D. A. J. and Woods, R. (1974). Cyclic voltammetric studies
on iridium electrodes in sulphuric acid solutions. Electroanalytical
Chemistry and lnterfacial Electrochemistry, 55:375–381.
Regehr, W. G., Pine, J., and Rutledge, D. B. (1988). A long-term in vitro
silicon-based microelectrode-neuron connection. IEEE Transactions
on Biomedical Engineering, 35(12):1023–32.
Reska, A., Gasteier, P., Schulte, P., Moeller, M., Offenha¨usser, A., and
Groll, J. (2008). Ultrathin coatings with change in reactivity over
time enable functional in vitro networks of insect neurons. Advanced
Materials, 20(14):2751–2755.
126
REFERENCES
Richards, R. G. (1996). The effect of surface roughness on fibroblast
adhesion in vitro. Injury - International Journal of the Care of the
Injured, 27:38–43.
Robblee, L. S., Lefko, J. L., and Brummer, S. B. (1983). Activated Ir:
an electrode suitable for reversible charge injection in saline solution.
Journal of the Electrochemical Society, 130:731–733.
Roessler, G., Laube, T., Brockmann, C., Kirschkamp, T., Mazinani, B.,
Goertz, M., Koch, C., Krisch, I., Sellhaus, B., Trieu, H. K., Weis, J.,
Bornfeld, N., Ro¨thgen, H., Messner, A., Mokwa, W., and Walter, P.
(2009). Implantation and explantation of a wireless epiretinal retina
implant device: observations during the EPIRET3 prospective clinical
trial. Investigative Ophthalmology & Visual Science, 50(6):3003–8.
Rutten, W. L., Smit, J. P., Frieswijk, T. A., Bielen, J. A., Brouwer,
A. L., Buitenweg, J. R., and Heida, C. (1999). Neuro-electronic inter-
facing with multielectrode arrays. IEEE Engineering in Medicine and
Biology, 18(3):47–55.
Sasaki, D., Shimizu, T., Masuda, S., Kobayashi, J., Itoga, K., Tsuda, Y.,
Yamashita, J. K., Yamato, M., and Okano, T. (2009). Mass prepa-
ration of size-controlled mouse embryonic stem cell aggregates and
induction of cardiac differentiation by cell patterning method. Bioma-
terials, 30(26):4384–4389.
Schakenraad, J. M., Busscher, H. J., Wildevuur, C. R. H., and Arends, J.
(1986). The influence of substratum surface free energy on growth and
spreading of human fibroblasts in the presence and absence of serum
proteins. Journal of Biomedical Materials Research, 20:773–784.
Schoen, I. and Fromherz, P. (2008). Extracellular stimulation of mam-
malian neurons through repetitive activation of Na+ channels by weak
capacitive currents on a silicon chip. Journal of Neurophysiology,
100(1):346–357.
Scholl, M., Sprossler, C., Denyer, M., Krause, M., Nakajima, K.,
Maelicke, A., Knoll, W., and Offenhausser, A. (2000). Ordered net-
works of rat hippocampal neurons attached to silicon oxide surfaces.
Journal of Neuroscience Methods, 104(1):65–75.
127
REFERENCES
Shefi, O., Ben-Jacob, E., and Ayali, A. (2002). Growth morphology of
two-dimensional insect neural networks. Neurocomputing, 44-46:635–
643.
Shefi, O., Golebowicz, S., Ben-Jacob, E., and Ayali, A. (2005). A two-
phase growth strategy in cultured neuronal networks as reflected by
the distribution of neurite branching angles. Journal of Neurobiology,
62:361–368.
Shein, M., Greenbaum, A., Gabay, T., Sorkin, R., David-Pur, M., Ben-
Jacob, E., and Hanein, Y. (2009). Engineered neuronal circuits shaped
and interfaced with carbon nanotube microelectrode arrays. Biomed-
ical Microdevices, 11(2):495–501.
Simpson, S. J. and Sword, G. A. (2008). Locusts. Current Biology,
18:R364–R366.
Slavcheva, E., Vitushinsky, R., Mokwa, W., and Schnakenberg, U.
(2004). Sputtered iridium oxide films as charge injection material for
functional electrostimulation. Journal of the Electrochemical Society,
151:E226–E237.
Smagghe, G., Goodman, C. L., and Stanley, D. (2009). Insect cell culture
and applications to research and pest management. In Vitro Cellular
& Developmental Biology-animal, 45(3-4):93–105.
Smith, P. J. S. and Howes, E. A. (1996). Long-term culture of fully
differentiated adult insect neurons. Journal of Neuroscience Methods,
69:113–122.
Snow, P. M., Patel, N. H., Harrelson, A. L., and Goodman, C. S. (1987).
Neural-specific carbohydrate moiety shared by many surface glycopro-
teins in Drosophila and grasshopper embryos. The Journal of Neuro-
science, 7(12):4137–4144.
Sorkin, R., Gabay, T., Blinder, P., Baranes, D., Ben-Jacob, E., and
Hanein, Y. (2006). Compact self-wiring in cultured neural networks.
Journal of neural engineering, 3(2):95–101.
128
REFERENCES
Sorribas, H., Braun, D., Leder, L., Sonderegger, P., and Tiefenauer, L.
(2001). Adhesion proteins for a tight neuron-electrode contact. Journal
of Neuroscience Methods, 104(2):133–141.
Spro¨ssler, C., Denyer, M., Britland, S., Knoll, W., and Offenha¨usser,
A. (1999). Electrical recordings from rat cardiac muscle cells using
field-effect transistors. Physical Review E, 60:2171–2176.
Stengl, M. and Hildebrand, J. G. (1990). Insect olfactory neurons
in vitro: morphological and immunocytochemical characterization of
male-specific antennal receptor cells from developing antennae of male
\textit{Manduca sexta}. The Journal of Neuroscience, 10:837–847.
Sugio, Y., Kojima, K., Moriguchi, H., Takahashi, K., Kaneko, T., and
Yasuda, K. (2004). An agar-based on-chip neural-cell-cultivation sys-
tem for stepwise control of network pattern generation during cultiva-
tion. Sensors And Actuators B-Chemical, 99(1):156–162.
Sun, B. and Salvaterra, P. M. (1995a). Characterization of Nervana, a
Drosophila melanogaster neuron-specific glycoprotein antigen recog-
nized by anti-horseradish peroxidase antibodies. Journal of Neuro-
chemistry, 65(1):434–43.
Sun, B. and Salvaterra, P. M. (1995b). Two Drosophila nervous sys-
tem antigens, Nervana 1 and 2, are homologous to the subunit of
Na+,K+-ATPase. Proceedings of the National Academy of Sciences,
92(12):5396–5400.
Suzuki, I., Sugio, Y., Jimbo, Y., and Yasuda, K. (2005). Stepwise pattern
modification of neuronal network in photo-thermally- etched agarose
architecture on multi-electrode array chip for individual- cell-based
electrophysiological measurement. Lab on a Chip, 5:241–247.
Suzuki, I., Sugio, Y., Moriguchi, H., Jimbo, Y., and Yasuda, K. (2004).
Modification of a neuronal network direction using stepwise photo-
thermal etching of an agarose architecture. Journal of Nanobiotech-
nology, 8:1–8.
129
REFERENCES
Suzuki, I. and Yasuda, K. (2007). Detection of tetanus-induced effects
in linearly lined-up micropatterned neuronal networks: Application of
a multi-electrode array chip combined with agarose microstructures.
Biochemical and Biophysical Research Communications, 356:470–475.
Tanghe, S. J., Najafi, K., and Wise, K. D. (1990). A planar IrO mul-
tichannel stimulating electrode for use in neural prostheses. Sensors
and Actuators B: Chemical, 1:464–467.
Tateno, T., Jimbo, Y., and Robinson, H. P. C. (2005). Spatio-temporal
cholinergic modulation in cultured networks of rat cortical neurons:
spontaneous activity. Neuroscience, 134(2):425–37.
Taylor, A. M., Rhee, S. W., Tu, C. H., Cribbs, D. H., Cotman, C. W.,
and Jeon, N. L. (2003). Microfluidic multicompartment device for
neuroscience research. Langmuir, 19(5):1551–1556.
Thanawala, S., Palyvoda, O., Georgiev, D. G., Khan, S. P., Al-Homoudi,
I. A., Newaz, G., and Auner, G. (2007). A neural cell culture study on
thin film electrode materials. Journal of Materials Science Materials
in Medicine, 18:1745–1752.
Thomas, C. H., Lhoest, J.-B., Castner, D. G., McFarland, C. D., and
Healy, K. E. (1999). Surfaces designed to control the projected area
and shape of individual cells. Journal of Biomechanical Engineering,
121(1):40–48.
Thomas Jr., C. A., Springer, P. A., Loeb, G. E., Berwald-Netter, A. Y.,
and Okun, L. M. (1972). A miniature microelectrode array to monitor
the bioelectric activity of cultured cells. Experimental Cell Research,
74:61–66.
Thompson, D. M. and Buettner, H. M. (2001). Schwann cell response to
micropatterned laminin surfaces. Tissue Engineering, 7(3):247–265.
Van Meerbergen, B., Loo, J., Huys, R., Raemaekers, T., Winters, K.,
Braeken, D., Engelborghs, Y., Annaert, W., Borghs, G., and Bartic, C.
(2008). Functionalised microneedles for enhanced neuronal adhesion.
Journal of Experimental Nanoscience, 3(2):147–156.
130
REFERENCES
van Ooyen, A., Topalov, G., Ganske, G., Mokwa, W., and Schnakenberg,
U. (2009a). Iridium oxide deposited by pulsed DC-sputtering for stim-
ulation electrodes. Journal of Micromechanics and Microengineering,
19(7):074009.
van Ooyen, A., Ulrich, C., and Schnakenberg, U. (2009b). Pulse-clamp
method applied to SIROF stimulation electrodes. Sensors and Actu-
ators B: Chemical.
van Pelt, J., Wolters, P. S., Corner, M. A., Rutten, W. L. C., and Ra-
makers, G. J. A. (2004). Long-term characterization of firing dynamics
of spontaneous bursts in cultured neural networks. IEEE Transactions
on Biomedical Engineering, 51(11):2051–62.
van Vliet, E., Stoppini, L., Balestrino, M., Eskes, C., Griesinger, C.,
Sobanski, T., Whelan, M., Hartung, T., and Coecke, S. (2007).
Electrophysiological recording of re-aggregating brain cell cultures on
multi-electrode arrays to detect acute neurotoxic effects. NeuroToxi-
cology, 28(6):1136–1146.
van Wachem, P. B., Hogt, A. H., Beugeling, T., Feijen, J., Bantjes, A.,
Detmers, J. P., and van Aken, W. G. (1987). Adhesion of cultured hu-
man endothelial cells onto methacrylate polymers with varying surface
wettability and charge. Biomaterials, 8:323.328.
Vassanelli, S. and Fromherz, P. (1998). Transistor records of excitable
neurons from rat brain. Applied Physics A: Materials Science & Pro-
cessing, 66:459–463.
Voelker, M. and Fromherz, P. (2005). Signal transmission from individual
mammalian nerve cell to field-effect transistor. Small, 1(2):206–10.
Wagenaar, D. A., Madhavan, R., Pine, J., and Potter, S. M. (2005). Con-
trolling bursting in cortical cultures with closed-loop multi-electrode
stimulation. The Journal of Neuroscience, 25(3):680–688.
Wagenaar, D. A., Pine, J., and Potter, S. M. (2004). Effective parameters
for stimulation of dissociated cultures using multi-electrode arrays.
Journal of Neuroscience Methods, 138(1-2):27–37.
131
REFERENCES
Wagenaar, D. A. and Potter, S. M. (2002). Real-time multi-channel
stimulus artifact suppression by local curve fitting. Journal of Neuro-
science Methods, 120(2):113–120.
Wagenaar, D. A. and Potter, S. M. (2004). A versatile all-channel stim-
ulator for electrode arrays, with real-time control. Journal of Neural
Engineering, 1(1):39–45.
Walker, G. M., Ozers, M. S., and Beebe, D. J. (2002). Insect cell culture
in microfluidic channels. Biomedical Microdevices, 4:3:161–166.
Wang, H.-J., Ji, L.-W., Li, D.-F., and Wang, J.-Y. (2008). Charac-
terization of nanostructure and cell compatibility of polyaniline films
with different dopant acids. The Journal of Physical Chemistry B,
112:2671–2677.
Wang, K., Fishman, H. A., Dai, H., and Harris, J. S. (2006). Neu-
ral stimulation with a carbon nanotube microelectrode array. Nano
Letters, 6(9):2043–8.
Weigel, S. (2006). Primary neuronal culture of Locusta migratoria for
construction of networks on microelectronic recording devices. PhD
thesis, RWTH Aachen University.
Weigel, S., Schulte, P., Bo¨cker-Meffert, S., and Offenha¨usser, A. (2005).
Cell culture of locust neurons regaining functional networks. In Zim-
mermann, H. and Krieglstein, K., editors, Proceedings of the 30th
Go¨ttingen Neurobiology Conference, page 344B.
Weiland, J. D. and Anderson, D. J. (2000). Chronic neural stimula-
tion with thin-film, iridium oxide electrodes. IEEE Transactions on
Biomedical Engineering, 47(7):911–918.
Weiland, J. D., Anderson, D. J., and Humayun, M. S. (2002). In vitro
electrical properties for iridium oxide versus titanium nitride stim-
ulating electrodes. IEEE Transactions on Biomedical Engineering,
49(12):1574–1579.
Wessling, B. (2007). Sputter deposition of iridium and iridium oxide for
stimulation electrode coatings. PhD thesis, RWTH Aachen.
132
REFERENCES
Wessling, B., Besmehn, A., Mokwa, W., and Schnakenberg, U. (2007).
Reactively sputtered iridium oxide - influence of plasma excitation and
substrate temperature on morphology, composition, and electrochem-
ical characteristics. Journal of the Electrochemical Society, 154:F83–
F89.
Wessling, B., Mokwa, W., and Schnakenberg, U. (2006). RF-sputtering
of iridium oxide to be used as stimulation material in functional mate-
rial medical implants. Journal of Micromechanics and Microengineer-
ing, 16:S142–S148.
Wilks, S. J., Richardson-Burns, S. M., Hendricks, J. L., Martin, D. C.,
and Otto, K. J. (2009). Poly ( 3 , 4-ethylenedioxythiophene ) as a
micro-neural interface material for electrostimulation. Frontiers in
Neuroengineering, 2(June):1–8.
Winter, J. O., Cogan, S. F., and Rizzo, J. F. (2007). Neurotrophin-
eluting hydrogel coatings for neural stimulating electrodes. Jour-
nal of Biomedical Materials Research Part B: Applied Biomaterials,
81(2):551–563.
Xia, Y. and Whitesides, G. M. (1998a). Soft lithography. Annual Review
of Materials Science, 28:153–184.
Xia, Y. and Whitesides, G. M. (1998b). Soft Lithography. Angewandte
Chemie International Edition, 37:550–575.
Yavin, E. (1974). Attachment and culture of dissociated cellsfrom rat
embryo cerebral hemispheres on polylysine-coated surface. The Jour-
nal of Cell Biology, 62(2):540–546.
Yoshida, K. and Horch, K. (1993). Reduced fatigue in electrically stim-
ulated muscle using dual channel intrafascicular electrodes with inter-
leaved stimulation. Annals of Biomedical Engineering, 21:709–714.
Zeck, G. and Fromherz, P. (2001). Noninvasive neuroelectronic inter-
facing with synaptically connected snail neurons immobilized on a
semiconductor chip. Proceedings of the National academy of Sciences
of the United States of America, 98:10457–10462.
133
REFERENCES
Zrenner, E., Wilke, R., Gekeler, F., Besch, D., Benav, H., Bruckmann,
A., Sachs, H., and Friedrichstadt, K. (2010). Subretinal microelectrode
arrays allow blind Retinitis pigmentosa patients to recognize letters
and combine them to words. In Frontiers in Neuroprosthetics, 2nd
International Conference on NeuroProsthetic Devices (ICNPD-2010),
Beijing , China.
134
Danksagung
Zum Schluss bleibt noch mein Anliegen Danke zu sagen; besonders bei
Peter - Mit Deiner Offenheit fu¨r neue Ideen, kritischen und regen Diskus-
sionen, Deinem Interesse an und das Vertrauen in meine Arbeit hast Du
mir viel Raum gelassen und mich gleichzeitig immer unterstu¨tzt. Es war
eine gute Zeit und dafu¨r danke ich Dir.
Werner - Es war scho¨n, dass ich auch ein bisschen zu Eurer Arbeits-
gruppe geho¨ren durfte. Die Zusammenarbeit hat immer viel Spaß gemacht.
Meinen MiBesan-Kollegen - Wir hatten eine gute, wenn auch nicht
immer einfache Zeit. Besonders mo¨chte ich Dir, Uwe, danken, dass Du
meine Arbeit immer mit großem Interesse und Wohlwollen verfolgt hast.
Auf eine gute weitere Zusammenarbeit.
Agnes - Ein ganz großes Dankescho¨n fu¨r Deine immerwa¨hrende Hilfe
im Laboralltag und Deine Lo¨sungen fu¨r fast jedes Problem. Aber vor
allem danke ich Dir fu¨r Dein immer offenes Ohr!
Carsten - Danke fu¨r eine scho¨ne und lustige Zeit. Du warst mir im-
mer ein lieber und gescha¨tzer Wegbegleiter. Mit Deinem Weggang hast
Du eine Lu¨cke hinterlassen.
Simone - Die letzte Zeit hat uns oft zusammenhalten lassen. Scho¨n,
dass ich immer auf Dich za¨hlen kann.
Volker, Lena und Jeya - Euch danke ich fu¨r das Vertrauen, mich
als Betreuerin fu¨r Eure Diplom- bzw. Bachelorarbeiten auszuwa¨hlen.
Durch Eure Motivation, die Ihr in Euren Projekten gezeigt habt, hat
mir die Zusammenarbeit viel Spaß und mich um viele gute Erfahrungen
reicher gemacht.
Susanne - Danke fu¨r Deine immer lieben und aufmunternden Worte,
aber vor allem dafu¨r, dass Du Dich immer ku¨mmerst.
Wolf - Du hast mir den besten Start in die Wissenschaft ermo¨glicht.
Tausend Dank fu¨r Deine Hilfe bei kleinen und großen Problemen.
Meinen Freunden - besonders Katrin & Henning, Julia, Cathrin
und Claudia & Stephan - vielen lieben Dank fu¨r viele scho¨ne Stun-
den außerhalb des Instituts, die mir immer ein ganz wichtiger Ausgleich
waren und sind.
Meinen Eltern - ich danke Euch sehr dafu¨r, dass Ihr meinen Weg
immer mitgegangen und mich in allen Belangen unterstu¨tzt habt. Euch,
Marc und Phong danke ich, dass wir immer eine Familie sind.
Phong - Danke, dass Du wirklich immer fu¨r mich da bist!
Lebenslauf
Perso¨nliche Daten
Name Katrin Go¨bbels
Geburtstag 05.09.1979
Geburtsort Aachen
Staatsangeho¨rigkeit deutsch
Schulische und wissenschaftliche Ausbildung
1986 - 1990 Kath. Grundschule Wiesenstraße,
Kempen am Niederrhein
1990 - 1999 Gymnasium Thomaeum,
Kempen am Niederrhein
1999 Abitur
1999 - 2006 Studium der Biologie, RWTH Aachen
2005 - 2006 Diplomarbeit am Institut fu¨r Biologie II,
Lehrstuhl fu¨r Zoologie und Tierphysiologie,
RWTH Aachen
2006 Abschluss zur Diplom-Biologin
2006 Wissenschaftliche Angestellte am Institut
fu¨r Pharmakologie und Toxikologie,
Uniklinikum Aachen
2006 - 2010 Promotion am Institut fu¨r Biologie II,
Abteilung Entwicklungsbiologie und
Morphologie der Tiere,
RWTH Aachen
